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FOREWORD 

This is Volume IV - Transportation Analyses, of the SPS 
Concept Definition Study final report as submitted by Rockwell 
International through the Satellite Systems Division. In addi- 
tion to effort conducted in response to the NASA/MSFC Contract 
NAS8-32475, Exhibit C,  dated March 28, 1978, company sponsored 
effort on a Horizontal Take-Off,  Single-Stage-to-Orbit concept 
is included. 

The SPS final report will provide the NASA with additional 
information on the selection of a viable SPS concept and will 
furnish a basis for subsequent technology advancement and  veri- 
fication activities. Other volumes of the final report are 
listed  as  follows: 

Volume Title 

I Executive Summary 

I1 Systems Engineering 

I11 Experimentation/Verification Element Definition 

V Special Emphasis Studies 

VI In-Depth Element Investigations 

VI I Systems/Subsystems Requirements Data Book 

The SPS Program Manager, G. M. Hanley, may be contacted on any 
of the technical or management aspects of this report. He may be 
reached at 213/594-3911, Seal Beach, California. 
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1.0 INTRODUCTION 



1 .O INTRODUCTION 

The  SPS  transportation  system,  not  unlike  the SPS, presents  a  formidable 
challenge  to  our  current  concepts  of  space-oriented  endeavors.  Cost,  more 
than  ever,  becomes  the  key  denominator  in  transportation  system  selection. 
Methods of reducing  transportation  costs  contribute  significantly  to  the 
establishment  of  the SPS as a  viable  energy  source  option. 

During  previous  phases  of  the SPS.Concept Definition  Study  (Exhibits A 
and B), various  transportation  system  elements  were  synthesized  and  evaluated 
on  the  basis of their  potential to satisfy  overall SPS transportation  require- 
ments  and  of  their  sensitivities,  interfaces,  and  impact  on  the SPS. Study 
results  led to the  preliminary  selection  of  preferred  system  concepts, as 
illustrated  in  Figure 1.0-1. However,  the  limited  scope of the  previous 
study  effort  precluded  generation  of  sufficient  substantiating data supportive 
Of  the SPS point  design. The objective  of  this  phase  (Exhibit C) was to pro- 
vide  that  data. 

* 21.3 K U  A 
114.¶16UI) I 
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Additional  analyses  and  investigations  have  been  conducted  to  further 
define  transportation  system  concepts  that  will  be  needed  for  the  developmental 
and  operational  phases  of an SPS program. To  accomplish  these  objectives, 
transportation  systems  such as Shuttle  and  its  derivatives  have  been  identified; 
new heavy-lift  launch  vehicle  (HLLV)  concepts,  cargo  and  personnel  orbital 
transfer  vehicles  (EOTV  and POTV), and  intra-orbit  transfer  vehicle  (IOTV) 
concepts  have  been  evaluated;  and,  to a limited  degree,  the  program  implica- 
tions  of  their  operations  and  costs  were  assessed.  The  results  of  these  anal- 
yses  have  been  integrated  into  other  elements of the  overall SPS concept 
definition  studies. 

Emphasis,  in  the  area  of  HLLV  analyses,  was  initially  directed  toward  an 
update of the  Rockwell  winged,  single-stage,  air-breathing  HLLV  and  in  perform- 
ing  a  comparative  evaluation  of  that  configuration  with a two-stage  version  of 
that  concept.  Upon  completion  of  the  HTO-SST0  update,  effort  in  this  area  was 
redirected  toward  the  development  of  an  alternate  vertical  launch/horizontal 
landing  two-stage  HLLV  concept  with  a  concomitant  reduction of effort  in  the 
operations  definition  tasks.  Configuration  updates  and  additional  data  rela- 
tive  to  the  feasibility  and  cost  of  the  cargo  EOTV  and  POTV  concepts  were 
generated  and  requirements  and  concepts  definition  of an IOTV  were  pursued. 
Within  each  of  these  areas,  supporting  programmatic  data  (e.g.,  costs  and 
schedule  requirements)  for  the  transportation  system  elements  were  developed. 

SPS program  and  transportation  system  analyses  continue  to  show  that  the 
prime  element  of  transportation  systems  cost,  and SPS program  cost,  is  that 
of  payload  delivery  to  LEO  or  HLLV  feasibilityjcost. 
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2.0 TRANSPORTATION SYSTEM ELEMENTS 



2.0 TRANSPORTATION  SYSTEM  ELEMENTS 

As identified  in  previous  study  phases  (Exhibits A and B), the SPS pro- 
gram  will  require  a  dedicated  transportation system. Tn  addition,  because  of 
the  high  launch  rate  requirements  and  environmental  considerations,  a  dedicated 
launch  facility  for  the  vertical  launch  HLLV  configurations  is  indicated. 

The  major  elements  of  the SPS transportation  system  consist  of  the 
following : 

Heavy-Lift  Launch  Vehicle  (HLLV)-SPS  cargo  to LEO 
Personnel  Transfer  Vehicle  (PTV)-Personnel to LEO  (Growth  STS) 
Electric  Orbit  Transfer  Vehicle  (E0TV)”SPS  cargo  to GEO 
Personnel  Orbit  Transfer  Vehicle  (P0TV)“Personnel  from 
LEO to  GEO 
Personnel  Module  (PM)-Personnel  carrier  from  earth-LEO-GEO 
Intra-Orbit  Transfer  Vehicle  (1OTV)-On-orbit  transfer  of 
cargo/personnel 

Two basic SPS HLLV  cargo  delivery  options  were  considered-a  horizontal 
takeoff, single-stage-to-orbit(HTO/SSTO) HLLV  (Figure 2.0-1) and  a  two-stage 
vertical  takeoff  horizontal  landing  (VTO/HL)  HLLV  (Figure 2.0-2). The  latter 

CREW 
COMPARTMENT  CARGO BAY 

-> 

AlRC4EATHER 
PROPULSION 
(10 ENGINES) 

ROCKET PROPULSION 
(3 HIGH PRESSURE NPD 

VAAIAOLE INLET ’ 
5 SEGMENT RAMP LH2 TANK 
CLOSES FOR: 

ROCKET  BOOST 
REENTRY 

Figure  2.0-1. HTO/SSTO HLLV Concept 
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Figure 2.0-2. VTO/HL HLLV Concept 

c o n f i g u r a t i o n   o p t i o n  w a s  e s t a b l i s h e d  as the   p re fe r r ed   o r   "base l ine"   concep t  
f o r   t h i s   s t u d y   p h a s e   b e c a u s e  of t h e   u n c e r t a i n t y   i n   t e c h n o l o g y   r e a d i n e s s  of t h e  
HTO/SSTO concept.  A t h i r d ,   i n t e r i m  HLLV requirement  w a s  i d e n t i f i e d ,   t o   b e  
employed d u r i n g   t h e   i n i t i a l  SPS program  development  phase  (Figure 2.0-3). This  
v e h i c l e  is des igna ted  as a Shut t le -der ived   or  "Growth S h u t t l e "  HLLV.(STS-HLLV). 
T h i s   l a u n c h   v e h i c l e   u t i l i z e s   t h e  same elements as t h e  PLV (descr ibed  below),  
e x c e p t   t h e   o r b i t e r  i s  r ep laced   w i th  a payload  module  and  an  auxiliary  recover- 
ab le   eng ine  module t o   p r o v i d e  a g r e a t e r   c a r g o   c a p a b i l i t y .  

Figure 2.0-3. STS-HLLV Configuration 
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The Personnel  Launch  Vehicle (PLV) is u s e d   t o   t r a n s f e r   t h e  SPS con- 
s t r u c t i o n  crew f rom  ea r th  t o  LEO. Th i s   l aunch   veh ic l e  is a mod i f i ed   Shu t t l e  
Transportation  System (STS) conf igura t ion .  The e x i s t i n g  STS s o l i d   r o c k e t  
b o o s t e r s  (Sm) are r e p l a c e d   w i t h   r e u s a b l e   l i q u i d   r o c k e t   b o o s t e r s  (LRB), t h u s  
a f f o r d i n g  a g rea t e r   pay load   capab i l i t y   and   l ower   ove ra l l   ope ra t ing   cos t ,  
(F igure  2.0-4). The personnel  module  (described  below) is des igned   to  f i t  
w i t h i n   t h e   e x i s t i n g  STS o r b i t e r   c a r g o  bay.   This   vehicle  w i l l  b e   u t i l i z e d  
throughout   the SPS p rogram  fo r   t he  VTO/HL HLLV cargo   de l ivery   concept .  

I i 

Id 
U U K H  COIFIGURATIOI) 

PAYLOAD IWK LE G L O W ' =  3.6761 LO 

BOOSTER (EACH): 
M O S S  UT = E7lK LB 
PROP. YT - 7lSK LE 
INERT UT - 15SK LB 

SSME-3s: 
F 0 459K LE (S.L.) (EICII) 
ISP 406 S I C  {S.L.) 

= 35:l 
I# = 6:l 

FLOTATION S T O W  

PARACHUTE STOYAGE E!GIRE COVER 
(OPEN) 

Figure 2.0-4.  Growth Shuttle PLV 

The Elec t r ic  Orb i t a l   T rans fe r   Veh ic l e  (EOTV) i s  employed as the  pr imary 
t r a n s p o r t a t i o n   e l e m e n t   f o r  SPS cargo  from LEO t o  GEO. The veh ic l e   con f igu r -  
a t i o n   ( F i g u r e  2.0-5) de f ined   t o   accompl i sh   t h i s   mi s s ion   phase   u t i l i ze s   t he  
same power source   and .cons t ruc t ion   techniques  as t h e  SPS. The s o l a r   a r r a y  
c o n s i s t s   o f  two  "bays"  of t h e  SPS, e l ec t r i c  a rgon  ion   engine   a r rays ,   and   the  
r e q u i s i t e   p r o p e l l a n t   s t o r a g e  and  power conditioning  equipment.  The v e h i c l e  
c o n f i g u r a t i o n ,   p a y l o a d   c a p a b i l i t y ,   a n d   " t r i p  time" have  been  es tabl ished  on 
t h e   b a s i s  of o v e r a l l  SPS c o m p a t i b i l i t y .  

The Personnel   Orbi t   Transfer   Vehic le  (POTV), as desc r ibed   he re in ,  con- 
sists o f   t h a t   p r o p u l s i v e   e l e m e n t   r e q u i r e d   t o   t r a n s f e r   t h e   P e r s o n n e l  Module 
(PM) and its crew/construct ion  personnel   f rom LEO t o  GEO. The  mated config- 
u r a t i o n   o f  POTV/PM is d e p i c t e d   i n   F i g u r e  2.0-6. The POTV c o n s i s t s  of a s i n g l e ,  
chemical (LOX/LHz) rocke t   s tage   which  is i n i t i a l l y   f u e l e d   i n  LEO and   re fue led  
in  GEO f o r   r e t u r n   t o  LEO. The POTV h a s   b e e n   s i z e d   s u c h   t h a t  i t  is capable  of 
f i t t i n g   w i t h i n   t h e   e x i s t i n g  STS cargo  bay  and  the  growth STS payload   de l ivery  
c a p a b i l i t y .  
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E O N  DRY WT. - 1 0 6  KG 
PAYLOAD WT. - 5.26 X 1 0 6  KG 
EONWETWT. - 1 . 6 7 ~  1 0 6 ~ ~  

TflI Q O O  

Figure 2.0-5. EOTV C o n f i g u r a t i o n  

6 60 MAN CREW MODULE 18,000 KG 

0 SINGLE  STAGE  OTV 34,000 KG 
(GEO REFUEL1 NG) 

0 BOTH ELEMENTS CAPABLE OF GROWTH STS LAUNCH 

F i g u r e  2.0-6. POTV C o n f i g u r a t i o n  
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The  p’ersonnel  module  is  designed  to  transport a 60-man  construction 
crew  from LEO to GEO to LEO (Figure  2.0-6).  Primary  considerations  in  sizing 
the PM were  given  to SPS construction  crew  demands  and  compatibility  with  the 
PLV concept. A considerable  degree of latitude  remains in the  ultimate  defin- 
ition  of a PM/POTV concept. 

The  intra-orbit  transfer  vehicle  is  defined  in  concept  only.  Because  of 
the  potential  problems  associated  with  docking  and  cargo  transfer  between  the 
HLLV and EOTV in LEO and  the EOTV and GEO construction  base,  a  transfer  vehicle 
capable of accomplishing  this  function  is  postulated.  From  cost  and  program- 
matic  aspects  of  the  overall SPS program,  this  element  is  depicted  as  a 
chemical  rocket  stage,  manned  or  remotely  operated. 

In  the  following  sections,  each  transportation  system  element  will  be 
discussed  in  more  detail  and  the  rationale  for  configuration  selection  pre- 
sented.  However,  in  order  to  maintain a  continuity  of  data  presentation, 
appendixes  have  been  added to provide  the  substantiating  technical  analyses 
and  trade  study  results  where  applicable. 
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3.0 TRANSPORTATION SYSTEM  REQUIREMENTS 

A s  previously  identified,  the SPS will  require a dedicated  transportation 
system.  In  addition,  because  of  the  high  launch  rates  and  certain  environmental 
considerations, it appears  that  a  dedicated  launch  facility  will  also  be  required 
for SPS HLLV  launches.  Transportation  system  LEO  operations  are  depicted  in 
Figure 3.0-1. The SPS HLLV  delivers  cargo  and  propellants  to  LEO,  which  are 
transferred  to  a  dedicated  electric  OTV  (EOTV)  by  means  of  an  intra-orbit 
transfer  vehicle  (IOTV)  for  subsequent  transfer  to  GEO. 

LEO STAGING EOTV TO GEO 

Figure 3.0-1. SPS LEO T r a n s p o r t a t i o n   O p e r a t i o n s  

Space  Shuttle  transportation  system  derivatives  (heavier  payload  capabil- 
ity)  are  employed  for  crew  transfer  from  earth  to  LEO. The  Shuttle-derived  HLLV 
is  employed  early  in  the  program  for  space  base  and  precursor  satellite  construc- 
tion  and  delivery of personnel  orbit  transfer  vehicle (POTV) propellants.  This 
element of the  operational  transportation  system  is  phased  out  of  the  program 
with  initiation  of  first  satellite  construction,  or  sooner. 
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Transportation  system GEO operations  are  depicted  in  Figure  3.0-2.  Upon 
arrival  at GEO, the  SPS  construction  cargo is transferred  from  the  EOTV  to  the 
SPS  construction  base  by IOTV. The  POTV  with crew module  docks  to  the  construc- 
tion  base  to  effect  crew  transfer  and POTV  refueling  for  return  flight  to LEO. 
Crew  consumables  and  resupply  propellants  are  transported  to GEO by  the EOTV. 

POTV 

Figure 3.0-2.  SPS GEO Transportation  Operations 

Transportation  system  requirements  are  dominated  by  the  vast  quantity of 
materials  to be transported  to LEO and GEO. Tables  3.0-1,  3.0-2,  and  3.0-3 
summarize  the  mass  delivery  requirements,  and  numbers  of  vehicle  flights,  for 
the  baseline  transportation  elements.  All mass figures  include  a  10%  packaging 
factor.  Table  3.0-1  summarizes  transportation  requirements  for  construction  of 
the  first  satellite.  Table  3.0-2  is  a  summary  of  requirements  during  the  total 
satellite  construction  phase  (i.e.,  the  first 30 years).  The  average  annual 
mass to LEO during  this  phase  is  in  excess  of 130 million  kilograms  with  more 
than 750 KLLV launches  per  year.  Table 3.0-3 presents  a  total  program  summary 
through  retirement  of  the  last  satellite  after 30 years of  operation.  Mass  and 
flight  requirements  are  separated  between  that  required  to  construct  the 
satellites  and  that  required  to  operate  and  maintain  the  satellites. A s  
indicated,  the  masses are nearly  equal. 
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T a b l e  3.0-1. TFU Transportation Requirements 

SATELLITE CONST, H A I N l ,  8 
PACKAG I NG 
CREW CONSUMABLES 8 PKG, 
POTV PROPELLANTS 8 PKG, 
EOTV  CONST, 0 MAINT., & PKG, 
EOTV PROPELLANTS 8 PKG. 
IOTV  PROPELiANTS 8 PKG, 

TOTAL 

TFU  FLEET 

37.12  37.12 45 163.5 

0.98  0,94 - 4,3 
2,91  1,46 - 12.8 
7.20 - 15  31.7 
4.79 - - 21.1 
0.13 0.06 - 0,6 

-1GHTS 
EOTV - 
6,s 

0.2 
0.3  
- 
- 
- 

r IO - 
LEO 

164 

4 
13 
32 
21 
1 

- 

GROWTH SHUTTLE VEHICLES- PERSONNEL (PLV) 

PRECURSOR  REQU 1 REMENTS : 

6 4 
CARGO CARRIER/ENGINE 
MODULE  AND  LAUNCH V E H  

'LEO BASE 

*EOTV TEST  VEHICLE 
'SPACE CONSTR, BASE 72 FLIGHTS 129 FLIGHTS 

1 VEHICLE 2 VEHICLES 

T a b l e  3.0-2. SPS Program Transportation Requirements, 
30-Year Construction Phase 

SATELLITE CONST, 8 MAINT, 
CREW CONSUMABLES 
POTV PROPELLANTS 
EOTV  CONST, 8 MAINTENANCE 
EOTV PROPELLANT 
IOTV PROPELLANT 

TOTAL 

VEHICLE  FLIGHT L I F E  
VEHICLE  FLEET REQU I REMENTS 
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T a b l e  3 . 0 - 3 .  Tota l   Transpor ta t ion   Regu l remen t s ,   60 -Year   Program 

SATELLITE 
CONSTRUCTION 
OPERATIONS & MAINTENANCE 

CREW  CONSUMABLES 
CONSTRUCTION 
OPERATIONS & MAINTENANCE 

POTV  PROPELLANTS 
CONSTRUCTION 
OPERATIONS & MAINTENANCE 

EOTV  CONSTRUCTION 
CONSTRUCTION 
OPERATIONS & MAINTENANCE 

EOTV  PROPELLANTS 
CONSTRUCTION 
OPERATIONS & MAINTENANCE 

IOTV  PROPELLANTS 
CONSTRUCTION 
OPERATIONS & MAINTENANCE 

SUMMARY 
CONSTRUCTION 
OPERATIONS & MAINTENANCE 

TOT A L 
VEHICLE  FLEET 

CONSTRUCTION 
OPERATIONS & MAINTENANCE 

TOTAL 

MASS x 

LEO - 
2197.8  
1803 .0  

3 1 . 5  
8 6 . 8  

8 2 . 7  
267 .8  

2 8 . 2  
2 2 . 2  

340 .3  
304. a 

7 . 2  
6.E 

2687.7 
2490.4 
5178.1 

- - 

PLV 
GEO 

2197.8  1340 
1803 .0  3694 

2 8 . 7  
8 6 . 0  

- - 
4 1 . 4  - 

133 .8  - 
2 4 . 2  - 
1 9 . 0  - 

HLLV 

9682 
7943 

139 
382 

364 
1180 

124 
98 

1499 
1339 

32 
29 

ll,640 
lQ97 1 
22,8 1 1 

39 
37 
76 

POTV 

1220 
3660 

c - 

- .  - 
- - 
- - 
- - 

1220 
3660 
4880 

12 

BIGHTS - 
EOTV 

425 .1  
348 .7  

5 . 6  
1 6 . 6  

8 . 0  
2 5 . 9  

4 . 7  
3 . 7  

0 . 4  - 

0 .6  
0 . 6  - 
444 
396 
840 - 

22 
20 
4 2  
- - 

I - 
LEO - - 
9682 
794 3 

139 
382 

364 
1180 

124 
98 

1499 
1339 

32 
29 

1&840 
10,97 1 
2281 1 - 

IV - 
CEO - - 

9682 
7943 

126 
379 

182 
589 

107 
84 

9 - 

15 
13 - 

lQ121 
9,008 

19.1 29 
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4.0 HEAW LIFT LAUNCH VEHICLE 

Initial  Heavy  Lift  Launch  Vehicle  (HLLV)  studies  were  directed  toward  a 
horizontal  takeoff  sinple  etage  to  orbit  (HTO/SSTO)  concept  advanced  by 
Rockwell  during  Exhibit  A  and B study  phases.  After  providing  an  update  of 
the  HTO/SSTO,  the  reference  launch  vehicle  configuration  for  the  Exhibit C 
study  phase was changed  to  a  two  stage  vertical  takeoff-horizontal  landing 
(VTO/HL)  configuration. This  section  of  the  report  is  directed  toward  the 
"Reference  Vehicle"  concept  only.  A  summary  of  the  HTO/SSTO  effort  conducted 
under  a  company  sponsored  program  is  included in Appendix A .  An  interim 
shuttle  derived  or  ''growth"  shuttle  HLLV  configuration  has  been  identified  to 
satisfy  early SPS precursor  satellite  construction  requirements;  and,  because 
of it's similarity  to  the  personnel  launch  vehicle (PLV),  is  discussed  in  that 
section  of  the  report. In addition,  the  reference  HLLV  trade  studies  data  are 
included  in  Appendix B along  with  the  reference  HLLV  trajectory. 

4.1 HLLV REQUIREMENTS/GROUND RULES 

The  primary  driver  in  establishing  HLLV  requirements is the  construction 
mass  flow  requirement  (Section 3 ) .  Other  factors  in.clude  propellant  cost/ 
availability  and  environmental  considerations.  The  basic  ground  rules  and 
assumptions  employed in vehicle  sizing  are  summarized  in  Table 4.1-1. 

Table 4.1-1. HLLV S i z i n g  - Ground Rules/Assumptions 

0 TWO-STAGE MRTICAL TAKEOFFlHORlZONTAL  LANDING  IVTOIHL) 

FLY BACK CAPABILITY BOTH  STAGES - ABES FIRST STAGE  ONLY 

0 PARALLEL  BURN WITH PROPELLANT  CROSSFEED 

LOXlRP FIRST STAGE - L O W 2  SECOND  STAGE 

H I  PC  GAS  GENERATOR  CYCLE  ENGINE - FIRST STAGE [Is WAC) - 352 SEC.1 

0 H I  PC STAGED CCMBUSTION  ENGINE - SECOND  STAGE (Is (VAC) . 466 SEC.] 

STAGING VELOCITY - HEAT S INK BOOSTER CIMPATIBLE 

-0 CIRCA 1990 TECHNOLOCY  BASE - BAClMMC  WEIGHT  REDUCTION  DATA 

ORBITAL  PARAMETERS - 487 Kh! 0 31.6O 

PAVlOAD  CAPABILITY - ZZl X Id KG  UP145  KG DOWN 
0 THRUSTMIGHT - 1. LIFIOFF/3.D MAX 

IS* WEIGHT GROWTH  ALLOWANCEIO.75% AV MARGIN 

The two  stage VTO/HL HLLV concept  with  a  payload  capability  of  approxi- 
mately 227,000 kg (500,000 lb)  was  adopted  for  a  reference  configuration. The 
payload  capability  was  limited  in  order  to  maintain  a  "reasonable"  vehicle  size. 
Both  stages  have  flyback  capability  to  the  launch  site.  The  first  stage  only 
utilizes  air  breathing  engines  for  return  to  launch  site;  the  second  stage  is 
recovered in the same manner  as  the STS orbiter. 
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The launch vehicle u t i l i z e s  a p a r a l l e l   b u r n  mode with p rope l l an t   c ros s -  
f e e d   f r o m   t h e   f i r s t   s t a g e   t a n k s   t o  the second  s tage   engines .  The f i r s t   s t a g e  
employs  high  chamber   pressure  gas   generator   cycle  LOX/RP fue led   engines   wi th  
LHz cool ing  and  the  second  s tage  employs a s taged  combust ion  engine similar 
t o   t h e   s p a c e   s h u t t l e  main engine (SSME) which is LOX/LH2 fue led .  

A l though   t r ade   s tud ie s  were conducted, a vehicle s t a g i n g   v e l o c i t y  compat- 
i b l e   w i t h  a h e a t   s i n k   b o o s t e r   c o n c e p t  is des i rab le   f rom  an   opera t ions   s tand-  
point .   Technology  growth  consis tent   with  the  1990 time per iod  was used   t o  
estimate weights  and  performance. The expected  technology  improvements are 
summarized i n   T a b l e  4.1-2. Orb i t a l   pa rame te r s  are c o n s i s t e n t   w i t h  SPS LEO 
base   r equ i r emen t s   and   t he   t h rus t   t o   we igh t   l imi t a t ions  are se l ec t ed   t o   min imize  
engine s i z e  and for  crewlpassenger  comfort.  Growth  margins  of 15% i n  ine r t  
weight  and 0.75% i n   p r o p e l l a n t  reserves were e s t a b l i s h e d .  An STS s c a l i n g  
program was a d a p t e d   f o r  SPS HLLV s i z i n g .  

T a b l e  4 . 1 - 2 .  T e c h n o l o g y  Advancement 
- Weight  R e d u c t i o n  

WOY STRUCTURE 1 7 2  
YlNG STRUCTURE 1 5 %  
VERTICAL  TAIL 18% 
C M R D  12% 

T H E W L  PROTECTION SYSTEM 20% 

AVIONICS IS 
ENVl RONMENTAL  CONTROL IS 
REACT I ON CONTROL  SYSTEM 1 5% 
ROCKET ENGINES 

1 s t  STAGE THRUSTfiEIGHT - 120 

2nd STAGE THRUST/WEIGHT - 80 

4.2 HLLV CONFIGURATION 

The r e f e r e n c e  HLLV c o n f i g u r a t i o n  is  shown i n   F i g u r e  4.2-1 i n   t h e   l a u n c h  
conf igura t ion .  A s  i l l u s t r a t e d ,   b o t h   s t a g e s   h a v e  common body  diameter,  wing 
and vertical  s t a b i l i z e r ;  however, t h e   o v e r a l l   l e n g t h  o f  t he   s econd   s t age  
( o r b i t e r )  is  approximately 5 meters g r e a t e r   t h a n   t h e   f i r s t   s t a g e   ( b o o s t e r ) .  
The v e h i c l e   g r o s s   l i f t o f f   w e i g h t  (GLOW) is 15,730,000 l b   w i t h  a payload  capa- 
b i l i t y  of 5 1 0 ~ 0 0 0   l b   t o   t h e   r e f e r e n c e   e a r t h   o r b i t .  A summary weight   s ta tement  
i s  g iven   i n   Tab le  4.2-1.  The p r o p e l l a n t   w e i g h t s   i n d i c a t e d  are t o t a l   l o a d e d  
p r o p e l l a n t  (i.e.,  no t   u sab le ) .  The  second  stage  weight (ULOW) i n c l u d e s   t h e  
payload   weight .   Dur ing   the   boos te r   ascent   phase ,   the   second  s tage  LOX/LHZ 
p r o p e l l a n t s  are c r o s s f e d   f r o m   t h e   b o o s t e r   t o   a c h i e v e   t h e   p a r a l l e l   b u r n  mode. 
Approximately  1.6  million  pounds  of  propellant are c ross fed   f rom  the   boos t e r  
t o   t h e   o r b i t e r   d u r i n g   a s c e n t .  
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F i g u r e  4.2-1. R e f e r e n c e  HLLV L a u n c h   C o n f i g u r a t i o n  

T a b l e  4.2-1.  HLLV Mass P r o p e r t i e s  X 

KG LB 

GLOW 7.14 15-73 
BLOW 4.92 10.a4 

"P 1 4.49  9.89 
ULOW 2.22  4.89 
"P 2 1.66  3.65 
PAYLOAD 0.23  0.51 

4.2.1 HLLV FIRST STAGE (BOOSTER) 

The HLLV b o o s t e r  is shown in t h e   l a n d i n g   c o n f i g u r a t i o n   i n   F i g u r e  4.2-2. 
The v e h i c l e  is approximately 300 f e e t   i n   l e n g t h   w i t h  a wing span  of   184  feet  
and a maximum c lea rance   he igh t  of 116 f t .  The nominal  body  diameter is 
40 f e e t .  The veh ic l e   has  a dry  weight  of  1,045,500  lb.   Seven  high PC gas 
gene ra to r   d r iven  LOX/RP engines  are mounted in t h e   a f t   f u s e l a g e   w i t h  a nominal 
sea l e v e l   t h r u s t  of 2.3 m i l l i o n  pounds  each.  Eight  turbojet   engines are mount- 
ed  on the   upper   por t ion   o f   the   a f t   fuse lage   wi th  a nomina l   t h rus t  of  20,000 l b  
each. A de ta i l ed   we igh t   s t a t emen t  is g iven   i n   Tab le  4.2-2.  The vehicle   pro-  
p e l l a n t   w e i g h t  summary is p r o j e c t e d   i n   T a b l e  4.2-3. 

4.2.2 HLLV SECOND STAGE (ORBITER) 

The HLLV o r b i t e r  is d e p i c t e d   i n   F i g u r e  4.2-3. The v e h i c l e  is approximate- 
l y  317 f e e t  in  l e n g t h   w i t h   t h e  same wing   span ,   ve r t i ca l   he igh t ,  and  nominal 
body  diameter as t h e   b o o s t e r .  The o r b i t e r  employs fou r   h igh  PC s t aged  combus- 
t i o n  LOX/LH2 rocke t   engines   wi th  a nomina l   s ea   l eve l   t h rus t   o f  1.19 m i l l i o n   l b  
each. 
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1 L 4 , . , t J - r  
80.0 M 

RP-1 TANK 

CREW coMrz3 WT -925,741  KG 
VOL - 118i.O M3 

" " 

-CROSS FEED, DUAL  DELTA 
DRY WING, L/D '7.5 

TOTAL  THRUST * 71,441,960 N(S.L) 
ROCKET  ENGINES . 7  REQ'D 

\ 

FLYBACK 
AIR  BREATHER 

ENGINES - 8 REO'D 

Figure 4.2-2.  HLLV First S t a g e  (Booster)  - Landing Configuration 

SUBSYSTEM 1 2ND  STAGE 

UI NC 
FUSELAGE 

V E R T l C A L   T A I L  

TPS 
CANPRD 

CREW COHPARTHEMT 
AVIONICS 
PERSONNEL 
ENV I RONMENTAL 

HYDRAULIC  SYSTEM 
PRIME POWER 

ASCENT  ENGINES 
RCS SYSTEM 
LAND I NG GEARS 
PROPULSION  SYSTEMS 
A l l A C H  AND SEPARATION 
APU 
FLYBACK  ENGl tIES 
FLYBACK  PROPULSION  SYSTEH 
SUBSYSTEHS 
DRY UEIGHT 

103.41 (227.98) 
39.20 ( 86.41) 

5.70 ( 12-57) 
1.39 ( 3-07 ]  

52.59 (1 15.94) 
12.70 ( 28.00) 
3.86 ( 8.50) 
1.36 ( 3.00) 
2.59 ( 5.70) 
5.44 ( 12.00) 
3.86 ( 8.50) 

26.93 ( 59.38) 
9.59 ( 21.15) 

18.38 ( 40.51) * - - - - - 
286.99  (632.71) 

*INCLUDED I N  FUSELAGE  WEIGHT 
**ITEM INCLUDED  IN  SUBSYSTEHS 

4-4 



Table 4.2-3. HLLV P r o p e l l a n t   W e i g h t  Summary X 

I F I R S T  STAGE 
~ 

SECOND STAGE 
LB KG LB KG 

USABLE 1.579 3 . 4 8 1   4 . 3 5 8   9 . 6 0 7  

CROSSFEED 

0.01 1 0 .024  0 .020 0 . 0 4 5  RESERVES 

0.009 0 . 0 2 0  0 . 0 1 8  0 . 0 4 0  RES I DUALS 

2.310 5 .093   3 .626   7 .995  TOTAL BURWED 
(0 .731)   (1 .612)  0 .732 1 .612 

RCS 0 . 0 0 8   0 . 0 1 8  0.005 0.010 

ON-0 RB IT 

- - 0 .085  0 . 1 8 7  FLY-BACK 
0.005 0.010 - BO1 L-OFF 
0 . 0 4 3   0 . 0 9 5  - 

TOTAL LOADED 9 . 8 8 9  4 .486  3 .648   1 .655  

- 

A- 

.CROSS FEED, DUAL-DELTA 
DRY WING, vb '7.5 

TOTAL THRUST - 21,119.060 N 1S.L) 
ROCKET ENGINES - 4 REWD 

\ 

F i g u r e  4 . 2 - 3 .  HLLV S e c o n d   S t a g e  (Orbiter) - L a n d i n g   C o n f i g u r a t i o n  

The cargo  bay is l o c a t e d  in t h e   m i d - f u s e l a g e   i n  a manner similar t o   t h e  
STS o r b i t e r  and  has a l eng th  of approximately 90 f e e t .  The de ta i l ed   we igh t  
s ta tement  and a p r o p e l l a n t  summary for t h e   o r b i t e r  is i n c l u d e d   i n   T a b l e s  4.2-2 
and 4.2-3 r e spec t ive ly .  
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4 . 3  HLLV  PERFORMANCE 

The HLLY performance  has  been  determined  by  using a modified STS s c a l i n g  
and t r a j e c t o r y  program. The t a b u l a t e d   t r a j e c t o r y   d a t a   f o r   b o t h   n o m i n a l   a n d  
abor t   cond i t ions  is conta ined  in  Appendix B. The v e h i c l e   c a n   d e l i v e r  a pay- 
load   o f   app rox ima te ly   231 ,000   kg   t o   an   o rb i t a l   a l t i t ude   o f  487 km a t  an 
i n c l i n a t i o n   o f  31.6'.  The engine  performance  parameters   used  in   the  analyses  
are g iven   i n   Tab le  4.3-1. 

Table 4 . 3 - 1 .  Engine Performance  Parameters 

ENGINE THRUST/WEIWT MIXTURE  RATIO SPECIFIC IMPULSE  (SEC) 
SEA LEVEL VACUUH 

LOX/RP CG CYCLE 

120 3.5:l 361.3 336.9 LOWCH, GG CYCLE 

120 2.8: 1 352.3 329 - 1 

LOX/LH. STAGED COHB. 80 6.0:  I 466.7 337.0 

The v e h i c l e   r e l a t i v e   s t a g i n g   v e l o c i t y  is 2127 m/sec (6978 ft /sec) a t  an 
a l t i t u d e  of  55.i5 km (181,000 f t )  and a f i r s t   s t a g e   b u r n o u t   r a n g e   o f  88.7 km 
(48.5 nmi). The f i r s t   s t a g e   f l y b a c k   r a n g e  is  387 km (211.8  nmi).  For  the 
r e f e r e n c e  HLLV c o n f i g u r a t i o n ,  a l l  e n g i n e   t h r o t t l i n g   t o  limit maximum dynamic 
p r e s s u r e   d u r i n g   t h e   p a r a l l e l   b u r n  mode is a c c o m p l i s h e d   w i t h   t h e   f i r s t   o r  
boos t e r   s t age   eng ines   on ly  ( i -e . ,  s econd   s t age   eng ines   ope ra t e  a t  100% r a t e d  
t h r u s t )  . 

Summary v e h i c l e   c h a r a c t e r i s t i c s  are g i v e n   i n   T a b l e s  4.3-2 and 4.3-3. The 
computer CRT d a t a  are provided i n  Figure  4.3-1  through 4.3-35. 
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F i g u r e  4.3-1. First Stage T h r u s t  vs T i m e  

Figure 4.3-1. F i r s t  Stage S p e c i f i c  Impulse vs Time 
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F i g u r e  4.3-13. R e l a t i v e   V e l o c i t y  
and Q vs A l t i t u d e  

0 
A E A  

P S P  
L P L  

H I H  
A L A  

0 

K 
N 

D D D  
E E E  
G G G  

P 
5 
F 

Q E A  

F i g u r e  4.3-12. a, E: and 
aP vs Time 

B 
0 
D 
Y 

A 

T 
T 

D 
E 
G 

T I K  P C  

F i g u r e  4 .3-14.  Body A t t i t u d e  
vs T i m e  

4-12 



N 
I 

E 
R 
T 

V 
E 
L 

K 
F 
P 
S 

0 
T I E  P C  

F i g u r e  4.3-15. Inert ial  V e l o c i t y  
vs T i m e  

A 
L 
T 
I 
T 
U 
D 
E 

K 
F 
T 

T I E -  PC 

F i g u r e  4.3-17. A l t i t u d e  
vs T i m e  

F 
L 

G 
I 

H 
T 

P 
A 
T 
H 

D 
E 
G 

0 
T 

A 
T 

L 

L 
0 
A 
D 

F 
C 
A 

T 
0 
R 

T 

F i g u r e  4.3-16. F l i g h t  Path 
Angle vs Time  

3.0 

T I E  SX 

F i g u r e  4.3-18. Total Load 
F a c t o r  vs Time  

4-13 



I4 
E 

G 
I 

H 
T 

H 
L 
B 
S 

T 
0 
T 
A 
L 

H 
T 

R 
U 
S 
T 

H 
L 
B 
S 

F i g u r e  4-3-19. W e i g h t  vs Time  
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F i g u r e  4.3-35. First Stage F l y b a c k   T r a j e c t o r y  
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4 . 4  TRADE STUDY OPTIONS 

The t r a d e   s t u d y   o p t i o n s   d a t a  are g iven   in   Appendix  B. The several t r a d e  
op t ions   eva lua ted   i nc luded  the following: 

Firs t   and  Second  Stage  Engine  Throt t l ing 

F i r s t   S t a g e   P r o p e l l a n t  Weight S e n s i t i v i t y  

Second  S tage   Propel lan t   Weight   Sens i t iv i ty  

Lif t -off   Thrust- to-Weight   Sensi t ivi ty  

A l t e r n a t e   F i r s t   S t a g e   P r o p e l l a n t s  (LOX/CHr and LOX/LH2) 

Wi th   t he   excep t ion   o f   t he   eng ine   t h ro t t l i ng   t r ades ,  a l l  t r a j e c t o r i e s  
assumed  100% t h r o t t l i n g  by t h e   f i r s t   s t a g e   e n g i n e s  (i.e., second  s tage   engines  
o p e r a t e  a t  maximum t h r u s t   t h r o u g h o u t   t h e   p a r a l l e l   b u r n   a s c e n t   p h a s e )   i n   o r d e r  
t o .   s t ay   w i th in  maximum a l lowab le   l oad   f ac to r   and  dynamic p r e s s u r e ,  3 g and 650 
ps f   r e spec t ive ly .  

The e n g i n e   t h r o t t l i n g   s t u d y  shows l i t t l e  e f f e c t  on  vehicle   payload  capabi l -  
i t y  when doing lOOX o f   t h e   t h r o t t l i n g   w i t h   e i t h e r   s t a g e .  A l l  i n t e r m e d i a t e  
opt ions  (i.e., p a r t i a l   t h r o t t l i n g   o f   b o t h   s t a g e s )  shows a d e g r a d a t i o n   i n  pay- 
l o a d   c a p a b i l i t y .  

The f i r s t   s t a g e   p r o p e l l a n t   w e i g h t   s e n s i t i v i t y   a n a l y s e s   s h o w . a n  improve- 
ment in  glow/payload  weight   ra t io   (smaller)  as f i r s t   s t a g e   p r o p e l l a n t   w e i g h t  
is  i nc reased ,   however ,   t he   s t ag ing   ve loc i ty   exceeds   t he   capab i l i t y   o f  a h e a t  
s ink   boos t e r .  The   s econd   s t age   p rope l l an t   we igh t   s ens i t i v i ty   i nd ica t e s   an  
o p p o s i t e   e f f e c t   t o   t h e   f i r s t   s t a g e   d a t a .  

By combining t h e   e f f e c t s  of t h ro t t l i ng   o f   s econd   s t age   on ly   and   i nc reas -  
i n g   f i r s t   s t a g e   p r o p e l l a n t   w e i g h t   c o u l d   r e s u l t   i n  a 10-15%  improvement over  
t h e   r e f e r e n c e  HLLV c o n f i g u r a t i o n .  

The a l t e r n a t e   p r o p e l l a n t   t r a d e s ,  LOX/CH+ and LOX/LHz, show 7% and 37% 
increased   per formance   over   the   re fe rence  HLLV c o n f i g u r a t i o n .  The LOX/LH2 
configurat ion,   however ,  becomes ex t r eme ly   l a rge  (volume)  and less c o s t  
e f fec t ive   because   o f   handl ing   and   propel lan t   cos t s .  The LOX/CHI, b o o s t e r  
appea r s   t o   be  a v i ab le   op t ion .  
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5 .O LEO-TO-GEO  TRANSPORTATION - EOTV 

It was previous ly  shown t h a t  a c h e m i c a l   o r b i t a l   t r a n s f e r   v e h i c l e   r e q u i r e s  
a p r o h i b i t i v e   p r o p e l l a n t  mass t o   p l a c e   t h e  SPS mass i n  GEO because   o f   the  
l imi t ed   ava i l ab le   spec i f i c   impu l se   o f   chemica l   sys t ems .  An e lectr ic  a rgon   i on  
o r b i t a l   t r a n s f e r   s y s t e m  was t h e r e f o r e   s e l e c t e d  as a b a s e l i n e   f o r  SPS cargo 
t r a n s f e r   f r o m  LEO-to-GEO. This   s tudy   phase  was d i r ec t ed   t oward   be t t e r   de f -  
i n i t i o n   a n d  a degree  of op t imiza t ion   o f   t he  EOTV concept .   Deta i led  e lec t r ic  
t h r u s t e r   a n a l y s e s   a n d   p a r a m e t r i c   s c a l i n g   d a t a  are included  in   Appendix C. 

5.1 ELECTRIC ORBITAL TRANSFER VEHICLE CONCEPT 

The electric OTV concept,  Figure  5.1-1 is  based upon a r ig id   des ign   which  
can  accommodate two “s t anda rd”   so l a r   b l anke t  areas of 600 meters by 750 meters 
from  the MSFC/Rockwell b a s e l i n e  sa te l l i t e  concept.  The  commonality  of  the 
s t r u c t u r a l   c o n f i g u r a t i o n   a n d   c o n s t r u c t i o n   p r o c e s s e s   w i t h   t h e  s a t e l l i t e  des ign  
is no ted .   S ince   t he   t h rus t  levels w i l l  be  very  low (as compared to   chemica l  
s t ages ) ,   t he   eng ines   and  power p r o c e s s i n g   u n i t s  are mounted i n   f o u r   a r r a y s  a t  
t h e   l o w e r   c o m e r s   o f   t h e   s t r u c t u r e / s o l a r   a r r a y .  Each a r r a y   c o n t a i n s  36 t h r u s t -  
ers, however ,   on ly   s ix ty- four   th rus te rs  are capab le   o f   f i r i ng   s imul t aneous ly .  
The add i t iona l   t h rus t e r s   p rov ide   r edundancy  when o n e   o r  more a r rays   cannot   be  
o p e r a t e d   d u e   t o   p o t e n t i a l  plume  impingement  on  the  solar  array. Up t o   1 6   t h r u s t -  
ers, u t i l i z i n g   s t o r e d  e lectr ical  power are u s e d   f o r   a t t i t u d e   h o l d   o n l y   d u r i n g  
pe r iods   o f   occu l t a t ion .  The a t t i t ude   de t e rmina t ion   sys t em is t h e  same as t h e  
SPS, mounted i n  6 l o c a t i o n s  as ind ica t ed .   Pay load   a t t ach   p l a t fo rms  are l o c a t e d  
so t ha t   l oad ing /un load ing   ope ra t ions   can   be   conduc ted   f rom  “ou t s ide”   t he   l i gh t  
w e i g h t   s t r u c t u r e .  

Figure 5.1-1. E O W  Configuration 
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5.1.1 EOTV SIZING ASSUMPTIONS 

A l i s t  of primary  assumptions  used  in  EOTV s i z i n g  are summarized i n  
Table  5.1-1. The o r b i t a l   p a r a m e t e r s  are c o n s i s t e n t   w i t h  SPS requirements  and 
t h e   d e l t a  "V" requirement was taken  f rom  previous SEP and EOTV t r a j e c t o r y  cal- 
c u l a t i o n s .  A 0.75% d e l t a  "V" margin is i n c l u d e d   i n   t h e   f i g u r e   g i v e n .  

Table 5.1-1. E O W  Sizing Assumptions 

LEO ALTITUDE - 487 Kn e 31.6' INCLI1JATION 

SOLAR INERTIAL  ORIENTATIW 

LAUNCH  ANY TIME OF YEAR 

5700 WSEC AV REQUIREMENT 

SOLAR INERTIAL  ATTITUDE HOLD  ONLY DURING  OCCULTATION PERIODS 

50' PLUME  CLEARANCE 

NUMBER  OF  THRUSTERS - M I N I M I Z E  - 20% SPARE  THRUSTERS - FAILURES/THRUST  DIFFERENTIAL 

PERFORMANCE  LOSSES DURING  THRUSTING - 5% - ACS  POWER REQUIREMENT - HAXIMUM  OCCULTATION PERIOD 

ACS  PROPELLANT  REQUIREMENTS - 100% DUTY  CYCLE 

0.25% WEIGHT GROWTH ALLOUMCE 

Dur ing   occu l t a t ion   pe r iods ,   a t t i t ude   ho ld   on ly  i s  requi red  ( i .e. ,  t h r u s t -  
i n g   f o r   o r b i t a l   c h a n g e  is n o t   r e q u i r e d ) .  

Since i t  is c u r r e n t l y   a n t i c i p a t e d   t h a t   t h r u s t e r   g r i d   c h a n g e s  w i l l  be  re- 
q u i r e d   a f t e r   e a c h   m i s s i o n ,  a minimum number o f   t h r u s t e r s  are des i red   to   min imize  
opera t iona l   requi rements .  

An excess  of t h r u s t e r s  are i n c l u d e d   i n   e a c h   a r r a y   t o   p r o v i d e   f o r   p o t e n t i a l  
f a i l u r e s  and   pr imar i ly   to   permi t   h igher   th rus t   f rom active a r r a y s  when t h r u s t -  
i n g  is l imi t ed   o r   p rec luded   f rom a s p e c i f i c   a r r a y   d u e   t o   p o t e n t i a l   t h r u s t e r  
exhaust   impingement   on  the  solar   array o r  t o   p r o v i d e   t h r u s t   d i f f e r e n t i a l  as 
r e q u i r e d   f o r   t h r u s t   v e c t o r / a t t i t u d e   c o n t r o l .  A 5% spec i f i c   impu l se   pena l ty  was 
a l s o   a p p l i e d   t o   c o m p e n s a t e   f o r   t h r u s t   c o s i n e   l o s s e s   d u e   t o   t h r u s t   v e c t o r l a t t i -  
t ude   con t ro l .  

An all-electric th rus t e r   sys t em was s e l e c t e d   f o r   a t t i t u d e   c o n t r o l   d u r i n g  
o c c u l t a t i o n   p e r i o d s .  The power s to rage   sys t em was s i z e d   t o  accommodate maximum 
grav i ty   g rad ien t   t o rques   and   occu l t a t ion   pe r iods .  A very   conse rva t ive   du ty  
cyc le   o f  100% was assumed f o r   e s t a b l i s h i n g  ACS prope l l an t   r equ i r emen t s .  A 25% 
weight  growth  margin was a p p l i e d  as i n   t h e  case o f   t h e  SPS.  

5.1.2 EOTV SIZING APPROACH 

The key cr i ter ia  i n  s i z i n g   t h e  EOTV are g i v e n   i n   T a b l e  5.1-2. As s t a t e d  
p r e v i o u s l y   t h e  EOTV power s o u r c e   u t i l i z e s  the same cons t ruc t ion   approach  as t h e  
b a s i c  SPS. S t r u c t u r a l   b a y s   a n d   s o l a r   b l a n k e t   s i z e s  are c o n s i s t e n t   w i t h   t h o s e  
o f   t he  SPS.  
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Table 5.113. EOTV S i z ing  Approach 

SAHE CONSTRUCTION/CONFIGURATlON AS SPS 

PAYLOAD CAPABILITY 4x10' KG UP/lO% D M  

SELF-ANNEALING SOLAR CELLS ( G d I A a )  - TRIP   T IME LEO-TO-GEO f 120 DAYS 
CEO-TO-LEO < 30 DAYS 

END-OF-LIFE PERFORMANCE CRITERIA - 15% DEGRADATION 

W E  CRITERIA USED FOR S I  EOTV CONFIGURATION 

The pay load   capab i l i t y  of 4 ~ 1 0 ' ~  kilograms is c o n s i s t e n t  with previous  
s t u d y   r e s u l t s   w h i c h   i n d i c a t e d  minimum t r a n s p o r t a t i o n   c o s t s   b a s e d   o n  8 t o   1 2  
EOTV f l i g h t s  and LEO-to-GEQ t r i p  times between  100  and  130  days (see Trade 
S t u d i e s ) .  A 10% down pay load   capab i l i t y  is  p r o v i d e d   i n   o r d e r   t o   r e t u r n  pay- 
load  packaging materials. 

The G a A l A s  cel ls  are assumed to   be   s e l f - annea l ing   o f   e l ec t ron  damage 
occur r ing   du r ing   t r ans i t   t h rough   t he  Van A l l e n   b e l t .  A l i f e t i m e   d e g r a d a t i o n  
i n  performance  of  15% is c o n s i s t e n t   w i t h   b a s i c  SPS cr i ter ia .  This   end-of- l i fe  
performance was c o n s e r v a t i v e l y   u s e d   i n  a l l  per formance   ca lcu la t ions .  

The i s s u e   o f   s i l i c o n  ce l l  annea l ing  was not   addressed.  However, t h e  same 
assumpt ions   u sed   fo r   t he  GaAlAs. system were a p p l i e d   t o   t h e   s i l i c o n  c e l l  config- 
u r a t i o n  (see Trade   S tudies ) .  

5.1.3 EOTV S I Z I N G  LOGIC 

The l o g i c  employed i n   s i z i n g   t h e  EOTV and t h r u s t e r   s e l e c t i o n  are summa- 
r i z e d   i n   T a b l e  5.1-3. 

Table 5.1-3. EOTV S i z i n g  L o g i c  
~ 

SOLAR  ARRAY CONFIGURATION - AVAILABLE POWER 

GRID OPERATING TEMPERATURE - MAXIMUM TOTAL VOLTAGE - GRID VOLTAGE (PLASM  L IMITED)  - SPECIFIC IMPULSE - *NUHBER OF THRUSTERS - BEAM CURRENT/DIAMETER/THRUST 

' TRIP   T lHE - PROPELLANT  WEIGHT/PAYLOAD WEIGHT 

*CONSISTENT WITH ACS THRUST REpUI REHENTS 

Having  adopted a b a s i c   s o l a r   a r r a y   c o n f i g u r a t i o n ,   t h e   a v a i l a b l e  power is  
thus   e s t ab l i shed .  The solar a r r a y   c o n s i s t i n g   o f  two SPS bays   has  a t o t a l  power 
output  of  335.5  megawatts.   Line  losses  of 6% and an end-of-l ife ce l l  degrada- 
t ion   o f   15% were assumed  which y i e l d s  a n e t  power t o   t h e   t h r u s t e r   a r r a y s   o f  
268 .1   megawat t s .   The   th rus te r   a r ray   losses  were d e t e r m i n e d   t o   b e   n e g l i g i b l e .  
The  power s torage   sys tem w a s  a l s o   s i z e d  on  the same b a s i s  as f o r   t h e  SPS, 200 
k i lowat t -hours   per   k i logram  weight .  
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The prac t ica l   upper .   opera t ing   tempera ture  .limit of  1900'K f o r  molybdenum 
t h r u s t e r   g r i d s  fixes t h e  maximum a b s o l u t e   o p e r a t i n g   v o l t a g e   o f   t h e   t h r u s t e r s  
a t  8300 v o l t s  (see Appendix C).  

The s o l a r   a r r a y   v o l t a g e s  must be as h i g h  as p o s s i b l e   t o   . r e d u c e   w i r i n g  
w e i g h t   p e n a l t i e s ,   y e t ,  power l o s s  by cur ren t   l eak ing   th rough  the   sur rounding  
plasma  must  be a t  an a c c e p t a b l e  level.. There is  n o   s i g n i f i c a n t   f l i g h t  tes t  
d a t a   a v a i l a b l e  on plasma-current  leakage.  [Planned  experiments  aboard  the 
SPHINX sa t e l l i t e  (Februa ry   1974)   were - los t   due   t o  a l a u n c h   f a i l u r e . ]  
K. L. Kennerud i n  1974  predicted  plasma power lo s s   based   on   ana lys i s   and  
plasma-chamber  experiments,  Figure 5.1-2. The  plasma loss from a 90 p e r c e n t  
i n s u l a t e d   a r r a y  is p l o t t e d   i n   t h e   f i g u r e  as a f u n c t i o n   o f   a l t i t u d e   w i t h   v o l t a g e  
as a parameter. A t  500 km a l t i t u d e   a n d   v e r y   l a r g e   a r r a y s   a n d   h i g h   e f f i c i e n c y  
cel ls ,  i t  may b e   p o s s i b l e   t o   u t i l i z e  2000 v o l t s .  

/SYNCHRONOUS 

'O6 r 

DOCUMENT CR-121280 1974 

10-1 
l o o  1,Ooo 10,Ooo 100,000 

ALTITUDE  (KILOMETERS) 

Figure 5 . 1 - 2 .  Plasma  Power Losses  from a 15 kW Solar  Array 
w i th  90% Insula t ing   Surface  

An upper litnit of +ZOO0 v o l t s  was t h e r e f o r e  assumed i n   o r d e r   t o   p r e c l u d e  
t h e   p o s s i b i l i t y   o f   a r c i n g   d u e   t o  LEO p lasma  e f fec ts .  A s p e c i f i c   t r a d e   o f  con- 
duc to r   i n su la t ion   r equ i r emen t s  as a f u n c t i o n   o f   p o s i t i v e   v o l t a g e  i s  i n d i c a t e d .  
The screen g r i d   v o l t a g e   e s t a b l i s h e s   p r o p e l l a n t   s p e c i f i c   i m p u l s e  a t  8221 sec. 
The  number of  thrusters s e l e c t e d   e s t a b l i s h e s  the remain ing   th rus te r   parameters .  
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(The  number  of  thrusters  should  be  selected  such  that  the  individual  thrust  is 
consistent  with  attitude  control  thrust  requirements  in  order  to  preclude  the 
need  .for  dedicated ACS thrusters.)  Thruster  characteristics are  summarized  in 
Table 5.1-4.  

Table 5 .1 -4 .  EOTV Thrus te r   Charac te r i s t i c s  

MAXIMUM  OPERATING  TEMPERATURE - 1900. K 

9 TOTAL  VOLTAGE - 8300 VOLTS 

GRID VOLTAGE - ZOO0 VOLTS  MAXIHUM 

B E M  CURRENT - 1887 AMP 

SPECIFIC IMPULSE - 8213 SEC - THRUSTER  DIAMETER - 76 CW 

THRUST/THRUSTER - 69.7 NEYTON 

NUHBER OF THRUSTERS - 144 (INCLUDES 259 SPARES) 

W!WM OF 64 THRUSTERS  OPERABLE  SIHULTANEOUSLY 

By  establishing  trip  time  (see  Trade  Studies),  the  maximum  quantity of 
propellant  which can be  consumed  during  transit  is  established;  which  in  turn 
fixes  maximum  payload  capability. 

5 .1 .4  EOTV  WEIGHT/PERFORMANCE SUMMARY 

Based  upon  the  assumptions,  approach  and  logic  described  above,  the  EOTV 
weights  and  performance  are  essentially  established. The  selected  EOTV  weight 
and  performance  summary  is  given  in  Table 5.1-5 ,  and  the  configuration  is  shown 
in Figure 5.1-3. 

Tab1 e 5 . 1 - 5 .  EOTV Weigh t / P e r f  ormance Summary [kg)  

SOLAR ARRAY 
CELLS/STRUCTURE 299.756 
POWER CONDITIONING 

THRUSTER  ARRAY (4) 
288,440 

THRUSTERS/STRUCTURE 
CONDUCTORS 

10.979 

BEAMS/GIHBALS 
4,607 

PROPELLANT TANKS 
2.256 

ATTITUDE CONTROL  SYSTEM 
78 , 843 

POWER SUPPLY 184,882 
SYSTEM  COHPWENTS 
PROPELLANT TANKS 

274 
1,716 

588,196 

96,685 

186.872 

EOTV  INERT  WEIGHT 
259 G R W T H  
TOTAL  INERT YE IGHT 
PROPELLANT YElGHT 

871,753 
217,938 

1,089,691 
666,660 

TRANSFER  PROPELLANT 655,219 
ACS PROPELLANT 11,441 

EOTV  LOADED  WEIGHT 
PAYLOAD YE I CHT 
LEO  DEPARTURE WEIGHT 
PROPELLANT  COST  DELIVERED ($/KG P/L) 

1,756,351 
5,171 ,318 
6.927.669 

4.72 
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INCLUDES 25% 
SPARES 

Figure 5.1-3. Selected EOTV Configuration 

The s o l a r   a r r a y   w e i g h t s  are c o n s i s t e n t   w i t h   b a s e l i n e  SPS weights  cri teria.  
The t h r u s t e r   a r r a y   w e i g h t s  are d ic t a t ed   by   t he   s i ze /pe r fo rmance   o f   t he   i nd iv id -  
u a l   t h r u s t e r  whose  performance is f i x e d  by a v a i l a b l e  power  and  voltage/tempera- 
t u r e   l i m i t a t i o n s .  

The major  element of a t t i t u d e   c o n t r o l   s y s t e m   w e i g h t ,   ( t h e  power supply) 
is  based on t h e  same s i z i n g  c r i te r ia  as t h e  SPS b a t t e r y   s y s t e m ,  

The t r a n s f e r   p r o p e l l a n t   w e i g h t   o f  666,660 kg i s  t h e  maximum tha t   can  b e  
consumed  by t h e   t h r u s t e r s   d u r i n g   t h e  assumed t r a n s i t  time of 120 days  up 
(100 d a y s   t h r u s t i n g )   a n d   t h e   r e s u l t a n t   r e t u r n   t r i p  time of  approximately 
30 days (22  days   t h rus t ing ) .  

The EOTV dry  weight  ( including  growth) is  approximately 1. 09x106 kg and 
h a s  a p a y l o a d   d e l i v e r y   c a p a b i l i t y  t o  GEO of 5.17X1O6 kg w i t h  a 10% r e t u r n  pay- 
l o a d   c a p a b i l i t y   t o  LEO. 

The es t ima ted   cos t  o f  $4.72/kg-payload reflects p r o p e l l a n t   c o s t s   o n l y  
( d e l i v e r e d  t o  LEO) . 
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5.2 ELECTRIC  ORBITAL  TRANSFER VEHICLE TRADE STUDIES 

Several t r a d e   s t u d i e s  were conduc ted   w i th   t he   ob jec t ive   o f   ach iev ing  a 
n e a r  cost-optimum EOTV conf igura t ion .  In  a d d i t i o n ,   p a r a m e t r i c   s i z i n g   d a t a  
were g e n e r a t e d   f o r   t h r u s t e r s ,   t h r u s t e r   a r r a y s ,   c o n d u c t o r s ,   a n d   o v e r a l l  EOTV 
s i z i n g .  These d a t a  are contained  in   Appendix C. The r e s u l t s   o f   s e l e c t e d  
t r a d e   s t u d i e s  are summarized  herein. 

5.2.1 SOLAR ARRAY VOLTAGE, GRID TEMPERATURE,  NUMBERS  OF  THRUSTERS 

The effects o f   l o w e r i n g   t h e   t o t a l   s o l a r   a r r a y   v o l t a g e   f r o m   t h e   b a s e l i n e  
of .8300 v o l t s   t o  5500 v o l t s  was e v a l u a t e d   a n d   t h e   r e s u l t s  were found t o   b e  
n e g l i g i b l e .  The th rus t e r   d i ame te r   i nc reased   t o   120  cm and t h e   g r i d  tempera- 
t u r e  was lowered   t o  1500'K. A l though   t he   t h rus t e r   a r r ay   we igh t   i nc reased  
approximately  2.5 times t h e   t o t a l   i m p a c t  on EOTV i n e r t   w e i g h t  is n e g l i g i b l e .  
In   add i t ion   t he   added   a r r ay   we igh t   cou ld   be   o f f se t  by a r e d u c t i o n   i n   c o n d u c t o r  
i n su la t ion   we igh t .  A l o w e r   t o t a l   v o l t a g e  would  appear  to  be  advantageous  only 
if t h e  power condi t ioning  weight  would b e   e f f e c t e d   s i g n i f i c a n t l y  which  present  
d a t a   i n d i c a t e s  would n o t   b e   t h e  case. 

S i m i l a r l y ,   t h e  number o f   t h r u s t e r s   i n   t h e   b a s e l i n e  was reduced by 50%, 
thus   doubl ing   the  unit beam c u r r e n t   a n d   t h r u s t .  The t h r u s t e r   d i a m e t e r  in- 
creases t o   1 0 8  cm w i t h   n o   s i g n i f i c a n t   c h a n g e   i n   t h r u s t e r   a r r a y   w e i g h t .  The 
h igher   th rus t   appears   to   be   d i sadvantageous   f rom  the   s tandpoin t   o f  ACS re- 
quirements ( i . e . ,  d e d i c a t e d   l o w e r   t h r u s t   u n i t s   m i g h t   b e   r e q u i r e d   t o   s a t i s f y  
minimum ACS demands). 

Three EOTV c o n f i g u r a t i o n s   r e f l e c t i n g   c h a n g e s   o f   t h e   t y p e   d e s c r i b e d   a n d  
a l s o   t r i p  time are summarized i n   T a b l e  5.2-1. As may be   seen   the  re la t ive  
p rope l l an t   cos t s   be tween   conf igu ra t ion  1 1 A  and 1 1 B  show an   i nc rease   w i th  a 
d e c r e a s e   i n   t r i p  time f rom  the   base l ine .   Conf igu ra t ion   12   a l so  shows an in-  
crease i n   c o s t   w i t h   i n c r e a s e d  numbers  of t h r u s t e r s   w i t h   l o w e r   a c c e l e r a t i n g  
vol tage .   Al though  conf igura t ion  1 1 A  appears   to   be   more   e f f ic ien t   than   the  
b a s e l i n e ,  i t  is no ted   t ha t   on ly   10%  spa re   t h rus t e r s   and  a 15% weight  growth 
was a l lowed   i n   t hese   conf igu ra t ions .  When t h e s e   c o r r e c t i o n s  are made, a l l  
th ree   conf igu ra t ions   exceed   t he   base l ine   s e l ec t ion .  

5.2.2 POWER DISTRIBUTION AND CONTROL  WEIGHT 

A s impl i f i ed   b lock   d i ag ram,   F igu re   5 .2 -1 ,   i l l u s t r a t e s   t he  EOTV power d i s -  
t r i b u t i o n   i n t e r f a c e   f o r   t h e   s o l a r   p h o t o v o l t a i c   c o n c e p t .  The d i s t r i b u t i o n  sub- 
s y s t e m   c o n s i s t s   o f   i n t e r t i e s ,  main f e e d e r s ,  summing bus,  t i e  ba r ,   swi t ch   gea r s ,  
and   dc ldc   conver te rs .  The s o l a r   a r r a y s   f e e d   t h e   l o a d   b u s e s   w i t h  a d i r e c t  
ene rgy   t r ans fe r .   P rov i s ions  are inc luded   t o   swi t ch   power , f rom  any   bus   t o   any  
t h r u s t e r   l o c a t i o n .  The b a s i c   v o l t a g e s   s u p p l i e d  are +2000 V dc  and -6300 V dc. 
I n d i v i d u a l  power s u p p l i e s  will be  included as r e q u i r e d  a t  t h e   t h r u s t e r s   t o  
supp ly   o the r   vo l t ages .  

Figure 5.2-2  shows t h e  power d i s t r ibu t ion   and   con t ro l   we igh t   compar i sons  
f o r  several EOTV c o n f i g u r a t i o n s   s t u d i e d .  A s o l a r   a r r a y   v o l t a g e   o u t p u t   o f  
2080 V dc  was s e l e c t e d  as t h e   u p p e r   l i m i t   f o r  power g e n e r a t i o n   t o   s t a y   w i t h i n  
to l e rab le   p l a sma  power l o s s e s   f o r  low e a r t h   o r b i t   o p e r a t i o n s .  The  lowest  weight 
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Table 5.2-1. EOTV Configuration Trades 

CONFIGURATION 

THRUSTER DATA 
ACCELERATING  VOLTAGE. V 
SPECIFIC  IMPULSE,  SEC 
DIAMETER,  CY 
GRID  SET TEMP., % 
NO. (INCLUDING 10% SPARES) 

TRIP  TIME, DAYS 
LEO-GEO 
CEO-LEO 

PROPELLANT, KG 

GEO-LEO 
LEO-GEO 

ACS 
EOTV  WEIGHTS. KG 

THRUSTER ARRAY 
SOLAR  ARRAY k COND. 

POWER  SUPPLY 
TOTAL DRY WT. (INCL. 15% 

I 
GROWTH) 

.*PAYMAD WT., KG 

**PROPELLANT  COST  (DELIVERED) 
($/KG PAYMAD) 

11A - 

2000 
8213 
127 

116 
1300 

100 
2 2 . 3  

(859 ,739)  
532,444 
118,712 

8 , 5 8 3  

588.190 
112,586 

875,374 
60 .413  

5 ,458 ,250  

4 .51  

~ 

- 11B 

2000 
8213 
127 

116 
1300 

80 
20 

(540.768)  
425,952 
107,186 

7 , 6 2 8  

588.190 

67 ,029  
9 6 , 4 0 9  

864,448 

4 ,188 ,384  

4 . 8 1  

I * : ~ c k a e l l  reference confieuration-$4.72 
reed on 16% doro pry lord   capabi l i ty .  

_. 12 

1268 
6540 
127 

180 
1300 

2 0 . 9  
100 

( 1 , 0 0 9 . 0 0 0 )  
824,836 
171,930 

12,434 

200,386 
588,190 

54,524 
969,578 

6 , 7 5 8 , 0 6 9  

5 . 5 7  

L 

Figure 5.2-1. EOTV Power Distribution  Simplified Block Diagram 

5-8 



E O N  
(~~NFIGURATION 

CELL M A T ' L  
CR 
T R A N S .   V O L T A G E  
P A N E L   C O N F I G .  

WEIGHTS (IO6 K G )  
INTERTIES 
M A 1  N FEEDERS 
SUMMING BUS 
TIE BARS 
SW GEARS 
POWER C O N D I T .  
I N S U L .  
SEC. STRUCT. 

~ 

GaAa 
2 

SPLIT 

, I 

221,940 
144,520 
177,550 
24,660 
2,290 - 
4,400 
57,540 

632,  900 

67,260 
119,230 
44,390 
24,660 

4,400 
26,220 

288,440 

F i g u r e  5 . 2 - 2 .  

SPLIT 
4 PANELS 

177,550 
57,810 

177,550 
24,660 
2,290 

4,400 
44,200 

- 

SPLIT 
2 PANELS 

177, 550 
57,810 
177,550 
24,660 
2,290 - 
4,400 
44,430 

SPLIT  SPLIT 

177,500 
57,810 
55,490 
24,660 
2,290 - 
4,400 
3,220 

19,540 
22,850 
68,800 
8,140 
9,460 

4,400 
20,870 

75,490 

1 
-63OOV 
SPLIT 
4 PANELS 

19,540 
83,740 
68,800 
8, I40 
7,310 

16,150 
27,920 

75,490 

Control Weigh t   Compar i sons  

c o n c e p t   r e s u l t s   i n  a power dis t r ibut ion  subsystem  weight   of   288,440  kg.   This  
c o n f i g u r a t i o n  is a d i r e c t   e n e r g y   t r a n s f e r   t o   t h e   e n g i n e s .   T h i s   w e i g h t  was cal- 
c u l a t e d  a t  a d i s t r i b u t i o n   ( l i n e  loss) e f f i c i e n c y  of  94% ( i . e . ,  6% l i n e  loss). 
The weight   ca lcu la t ions   ranged  up t o  632,900  kg  dependent  upon  specific con- 
f i g u r a t i o n   d e t a i l s .  A nega t ive   vo l t age   sys t em was compared t o  show impact  of 
h ighe r   vo l t age .  A n e g a t i v e  6300 v o l t s  was s e l e c t e d   f o r   t h i s   p u r p o s e   s i n c e  
t h i s  is. the   second  vo l tage   requi rement   o f   the  EOTV th rus t e r   sys t em.   Th i s  con- 
c e p t   r e q u i r e s  power c o n d i t i o n i n g  a t  t h e   t h r u s , t e r s   t o   p r o v i d e   t h e  +ZOO0 v o l t  
i npu t s   r equ i r ed .  The s i l i c o n   s y s t e m  w a s  compared fo r   t he   l owes t   we igh t  ap- 
p r o a c h   a n d   r e s u l t s   i n  a weight   pena l ty   o f  -33% (307,090  kg vs 229,550  kg). 
The  +2080 vo l t   concep t  is t h e  recommended approach   s ince  i t  d o e s   n o t   r e q u i r e  
major  power  conditioning (i.e., d i r e c t  power t r a n s f e r )   a n d   t h e  -6300 v o l t  
system is suscep tab le   t o   a r c ing   p rob lems   i n   t he   p l a sma   env i ronmen t .  

5.2.3 GALLIUM ARSENIDE VERSUS SILICON SOLAR CELLS 

A comparison was made o f   t h e  EOTV requirements   using GaAs a n d   s i l i c o n  
s o l a r  cells. The conf igura t ions   used   in   the   compar ison  are shown i n   F i g u r e  
5.2-3 w i t h  a t a b u l a t i o n   o f   s o l a r   a r r a y   p a r a m e t e r s   a n d   v a l u e s .  The s i l i c o n  
s o l a r   a r r a y   w e i g h t s  are 725,904  kg  compared to   263,511  kg  dr iven  by  higher  
s p e c i f i c  w e 1  h t  (.426 kg/m2 vs .252 kg/m2)  and  requirement f o r  l a r g e  area 
(1,704,242 m vs 886,950 m2) .  The   impact   o f   re f lec tor   weight   on   the  GaAs 
c o n f i g u r a t i o n  is n e g l i g i b l e .  

f 
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GOAS C O N F I G U R A T I O N S  

N O T E :  

( ' ) N O   S P A C E   D E G R A D A T I O N  
ALLOWANCES 

PARAMETER 

SOLAR  INPUT 
E N E R G Y   O N T O  CELLS 
rl 0 
D E S I G N   F A C l O R  

AREA  REQM'T 
ARRAY  AREA 
ARRAY  WEIGHT (KG) 
REFLEClOR  AREA 
REFLECTOR  WEIGHT 
SUBTOTAL 

POWER OUTPUT  ARRAY)(^) 

GaAs S I L I C O N  

1319.5 W/M2 
2414.7 (CR = 1.93) 

1319.5 W/M2 

725,904  KG  263,511 KG 
- 40,000 KG 
- 2,210,000 M2 
725.904 (.426 KG/M2) 223,511  (.252 KG/MZ) 
1,800,OOO M2 900,OOO M2 
I ,  704,242 M2 886,950 M2 
335.48 M E G A W A l l S  335.48 M E G A W A T T S  
196.85 (.89) 278.24 (.89 
221.17  (16.74%) 424.98  (17.6%) 
1319.5 (CR = I )  

F i g u r e  5 . 2 - 3 .  EOTV Solar A r r a y   C o m p a r i s o n s  
( G a s  v e r s u s  S i  Solar Cells) 

Estimated  weights  and  performance  for two r e p r e s e n t a t i v e  EOTV configura- 
t i o n s  are g i v e n   i n  T a b l e  5.2-2.  The i n c r e a s e d   s o l a r   a r r a y   w e i g h t   f o r ' t h e  
s i l i c o n  solar ce l l  c o n f i g u r a t i o n   r e s u l t s   i n  a 14% reduc t ion   i n   pay load   capab i l -  
i t y  and a l o n g e r   r e t u r n   t r i p  time. Because  of   these  factors   and  the unknowns 
i n   a n n e a l i n g   o f   t h e   s i l i c o n  cells in   space ,   t he   ga l l i um  a r sen ide   approach  i s  
more d e s i r a b l e .  

5.2.4 ATTITUDE CONTROL SYSTEM 

The s e l e c t i o n   o f   a n  "all-electric" propuls ion  system was based   on   p r ior  
s t u d i e s   w h i c h   i n d i c a t e d  a prohib i t ive   p rope l lan t   requi rement   for   chemica l  
t h r u s t e r s ,   e v e n  when used in t h e  ACS mode only.  

The Rockwell EOTV c o n c e p t   u t i l i z e s   a t t i t u d e   h o l d   o n l y   d u r i n g   t h e  shadowed 
per iod  o f  o r b i t .  Electric t h r u s t e r s  powered  by s t o r a g e   b a t t e r i e s  are u s e d   f o r  
ACS dur ing   th i s   per iod .   Wors t  case ACS requirements   during  Earth shadow p e r i o d s  
were e v a l u a t e d   i n   o r d e r   t o   d e t e r m i n e   b a t t e r y  power  and th rus t e r   r equ i r emen t s ;  
t he   ob jec t ive   be ing   t o   min imize  ACS requirements .  

Thrus t e r   r edundancy   i n   each   t h rus t e r   a r r ay  was also cons ide red   t o   p rec lude  
t h r u s t e r   e x h a u s t  impingement   on  the  solar   array.  
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Table 5.2-2 .  GaAlAs and S i l i c o n  Powered EOTV 
Weight  Comparison (kg) 

~~ 

WE!&! G* SILICON 

SOUR ARRAY 493,0% 1,032,991 

THRUSTER ARRAY 104, wb 113,355 

ATTITUDE CONTROL SYSTEM 50.411 50.516 
EOTV  INERT WIGHT 641.573 1,196,922 

GRINNTH - 25% 161,893 299,231 

TOTAL  EOTV  INERT WT. a. 466 1,496,153 

DELTA V PROPELLANT 540,420 93,170 

ACS PROPELLANT 6,1(14 7.471 

TOTAL  EOTV  LOADED WT. 1,356.260 2.096.i94 

PAYLOAD  WEIGHT 5,310,568 4, no. 5u 

LEO DEPARTURE WT. 6,667.328 6,667,328 

TRIP TIME (UPIDWN) 12U16 120128 

EOTV dry  and  loaded  inertia  data,  Table 5.2-3,  were  generated  for  two  pay- 
load  stowage  options.  These  data  were  generated  for  comparison  with MSFC data 
and  for ACS thruster  requirement  determination  for  the  reference EOTV configura- 
tion  described  earlier. 

Table 5 . 2 - 3 .  Preliminary Moments of I n e r t i a  

0 EOTV REFERENCE CONFIGURATION 

I MOMENfS F INERTIA 
K G 4  ? X 10’ / PAYLOAD INERT EOTV & PROPELUM  WITHOUT 

EOTV FULLY LOADED 

PAYLOAD CONCENTRATED 
O N  EACH  SIDE  AT #/2 6.94 4.43 

1 0 fAYLOAD DISTRI WTED 
MCUT C.M. 

3 3  

11.37 

8.14 

E 7  

W 
The  approach  to s i z ing  ACS power  requirements  was  to  integrate  the  overall 

thruster  requirements  over  the  earth  shadow  period  rather  than  taking  maximum 
values  which  lead  to  ultra  conservative  design  requirements,  Figure 5 . 2 - 4 .  
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F i g u r e  5 . 2 - 4 .  T y p i c a l   G r a v i t y   G r a d i e n t   T o r q u e   C u r v e s  

Based  upon  average  gravi ty   gradient   torques,   the  number of t h r u s t e r s  re- 
q u i r e d  were determined for two vehicle o r i e n t a t i o n s ,   t h r e e   b e t a   a n g l e s ,   a n d  
two payload   loca t ions .  The c a l c u l a t e d   t h r u s t e r   r e q u i r e m e n t s  are summarized 
i n   T a b l e  5.2-4. 

T a b l e  5 . 2 - 4 .  T h r u s t e r   R e q u i r e m e n t s   i n  Shadow* 

0 LONG AXIS INITIALLY POP 

AKRAGE NO, 

B€lA 
ABWT C.M. (DEGI 
PAYIOAD DISTRIBUTED 

10 
16 2 30 
8.6 

la 2 6 

THRUSKRS 

PAnOAD CONCENTRATED 
ON EACH SIDE AT U2 

23.0 
19.9 

17.7 
~~~ ~ 

LONG AXIS INlTlAUY IN ORBIT PIAM 

10 

23.3 19.9 4 

20.9 1 6  0 30 
15.6 15.2 

*BASED ON 4 8  KM ALTITUDE 
AKRAQ SHADOW PERIOD 36.7 MIN. 

Although  the number of t h r u s t e r s   r e q u i r e d   t o   s a t i s f y  a l l  ACS requirements  
are g rea t e r   t han   p rev ious ly   e s t ima ted  (i.e., 1 6  i n   l i e u  of  4 ,  nominal ) ,   o ther  
o p t i o n s  are a v a i l a b l e   t o   f u r t h e r   r e d u c e  ACS requirements .   These  include EOTV 
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c o n f i g u r a t i o n   c h a n g e s ,   o f f - s e t   s o l a r   p o b t f n g ,   a t t f t u d e   m a n e u v e r s  t o  lower 
g rav i ty   g rad ien t   t o rque   du r ing  shadow pe r iods ,  etc. 

P o t e n t i a l  methods  of   reducing  thruster   requiremen. ts   by  configurat ion 
changes are i l l u s t r a t e d   i n   F i g u r e  5 . 2 - 5 .  Many o t h e r   c o n f i g u r a t i o n   o p t i o n s  
a l s o   e x i s t .  

PESENT CONFIGURATION 

*CAN REDUCE  IMPIN- 

0 CLUSTERS (VS 4) 
PROBEMS BUT REQUIRES 

*REDUCES IMPlNCEMENl C O ~ S T M I N K ,  
INCREkSES MOMENT ARMS, 

CABLING RECiUlRE"S 
INCREASES  STRUCTURE AND WWR 

*OTHRS 

Figure 5 .2 -5 .  AlterrIdtiVe T h r u s t e r  C o n f i g u r a t i o n s  

Another  method  of  providing  reduced ACS th rus t e r   r equ i r emen t s  is  t o   r o l l  
t h e   v e h i c l e   r e l a t i v e   t o   t h e   s o l a r   i n e r t i a l   a x i s .   A l t h o u g h  some l o s s  in s o l a r  
b l anke t   e f f i c i ency   migh t   occu r ,   t he   r educ t ion  in numbers  of t h r u s t e r s  may o f f -  
se t  those  losses. The e f f e c t  on s o l a r   b l a n k e t   e f f i c i e n c y   w i t h   o f f - s e t   p o i n t i n g  
is  shown i n   F i g u r e  5 . 2 - 6 .  

Al though   a l t e rna te   con f igu ra t ions  are recommended f o r   f u t u r e   e v a l u a t i o n ,  
t he   cu r ren t   concep t s  are a d e q u a t e   f o r   t h i s   p h a s e  of program  def in i t ion .  
Table 5.2-5 summarizes  the  current ACS t r a d e   s t u d y   r e s u l t s .  

5.2.5 TRIP-TIME  OPTIMIZATION ANALYSIS 

An a n a l y s i s  w a s  performed  to   def ine  an  approach  for   comparing EOTV's 
h a v i n g   d i f f e r i n g  LEO-to-GEO t r i p  times on a $/kg-of-payload  basis.  Although 
t h e  number of EOTV v a r i a b l e s   a s s e s s e d  are l i m i t e d ,   t h e   b a s i c   s t u d y   r e s u l t  i s  
be l i eved   t o   be   va l id .  Later s tudies   might   inc lude   var ia t ions   and   re f inements  
on  any  major parameter (i.e., electric e n g i n e   s i z e ,   t h r u s t  level and s p e c i f i c  
impulses) .  (EOTV and COTV are used  synonymously i n   t h i s   s e c t i o n   o f   t h e  
r epor t .  ) 

The bas i c   equa t ions   u sed  are presented  i n  Table  5 . 2 - 6  t o   g i v e   t h e   r e a d e r  
s u f f i c i e n t   d a t a   t o   c h e c k   s u c c e e d i n g   c a l c u l a t i o n s   i f   d e s i r e d .   N o t e   t h a t   t h e  AV 
of 4508 m/sec is a p p l i c a b l e   t o  an e q u a t o r i a l   d e p a r t u r e   o r b i t  a t  300 n a u t i c a l  
miles. For   depa r tu re s   f rom  inc l ined   o rb i t s ,   t he  Edelbaum equat ions  are suggest-  
ed. The c a l c u l a t i o n   o f   i n i t i a l  EOTV mass i n  LEO, Mi, w a s  m o d i f i e d   s l i g h t l y   t o  
accoun t   fo r  ACS p rope l l an t   u se .  
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F i g u r e  5 .2 -6 .  P a r t i a l  Solar P o i n t i n g  

T a b l e  5.3-5. ACS Trade S t u d y  Results 
~ 

LONC AXIS INITIALLY POP WITH PAYLOAD  DISTRIBUTED  ABOUT C.M. IS THE 
PREFERRED ORIENTATION 

FOR AlTINDE HOLD IN SHADOW PERIOD, THE AVERAGE HJMBER OF THRUSTERS 
IS 8.6 FOR L O W S  AND 18.2 FOR  WORST-CASE). 

PRESENT THRUSTER CONFIGURATION OF FOUR CLUSTERS REWIRES 36 THRUSTERS 
PER CORNER INCUlDlNG 20% SPARING:  COSINE LOSSES IN VERTICAL PLANE DUE 
TO 15' PLUME  CONSTRAINT IAPPROX. WORST CASE  COSINE  LOSS 12*) 

PARTIAL SOLAR POINTING  Al lRACTIVE FOR HIGH fi  ORBITS 

CONSTRAIN MISSION TO  REDUCE MAXIMUM 8 (AND CONTROL REWIRWNTS) 
APPEARS FEASIBLE: REQUIRES FURTHER MISSION  ANALYSIS TO DEFIFY 
MAXlMUMj 

INVESTIGATE ALTERNATIVE THRUSTER CLUSTERING  CONFIGURATIONS 

By "freezing"  the  e lectric  EOTV s i z e  and non-propulsive  subsystems, t r i p  
time variations  are  introduced by varying  the  payload  to change the  thrust-to- 
weight relat ionships.  From computer data,  the  following LEO-to-GEO trip  t imes 
and thruster burn times were establ ished.  

LEO-TO-GEO TRANSFER 

Total T r i p  Times Thruster Burn T i m e s  
(Days)  (Days 1 

30 20.8 
60 47.0 
90 73.2 
120 99.4 
150 125.7 
180 151.8 
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Table 5.2-6. Basic Equations Used in Analysis 

THRUSTER  PROPEUANT ROYY RAE 

h la213 I lo* 

ELECTRIC COW GROSS WIGHT IN LEO 

Mg . MASS OF PROPELLANT  REO-TOGEO) 

M, MASS REMAINING IN CEO  AFlER  EXPENDING  PROPEUANT Mp 

Mi INITIAL COTV MASS IN LEO 

M, M,( - 1) WHERE AV 4.938 m k r  (NO PLAN CHANCE) 
AV 

m, - a w M f  
Mi Mp + Mf * 2813 Mp 

With  these  data,  one  can  compute  the LEO-to-GEO argon  propel lan t   requi rements  
and  mult iply by 0.2 t o  estimate tankage  and  l ine masses needed  to calculate 
GEO-to-LEO propuls ive  requirements .  The r e tu rn   t r i p - t ime   r e su l t s   wh ich   co r -  
relate with  the  above LEO-to-GEO t r a n s f e r s  are as follows: 

GEO-TO-LEO TRANSFER 

T o t a l  T r i p  Times Thruster   Bum Times  
(Days)  (Days 1 
21.1 14.0 
21.3 14.2 
21.6 14.. 4 
21.8 14.6 
22.2 14.9 
22.4 15 .1  

The payload mass c a p a b i l i t i e s   f o r   t h e   v a r i o u s  EOTV t r i p  times a r e  summarized 
i n  T a b l e  5.2-7. 

Minor  adjustments were made t o   t h e   g r o s s   w e i g h t s  (i.e.,  from -10,000 t o  
-20,000 kg)   to   account   for   expended ACS p r o p e l l a n t s   d u r i n g   t h e   t r a n s f e r s .  The 
weight  growth  margins are r e f l e c t e d   i n   t h e   p r o p e l l a n t  mass c a l c u l a t i o n s   s i n c e  
they  had  been  added to   t he   non-va r i ab le  EOTV masses. 

The a s sumpt ions   a f f ec t ing  EOTV t r i p - t i m e  c o s t  are summarized i n  Table  5.2-8. 
The  numbers s h a m   f o r   e a c h   a s s u m p t i o n  are not  "hard" i n   t h e   s e n s e   o f   b e i n g   f u l l y  
j u s t i f i a b l e  and t h e   r e a d a r . i s   e n c o u r a g e d   t o   i n t r o d u c e   h i s  own where  discrepancies  
may appear. The EOTV o p e r a t i o n s   c o s t   v a r i a b l e  is  i n t r o d u c e d   t o   a c c o u n t   f o r   t h e  
s l i g h t l y   h i g h e r   d e g r e e   o f   a c t i v i t y  a t  t h e  LEO b a s e   f o r   t h e   s h o r t e r   t r i p  time 
concepts,   and i s  not t o  be  taken  as t h e   c o s t   o f  LEO base  Operat ions.  EOTV turn-  
around times were b a s e d   o n   t o t a l   t r i p  times p l u s  assumed de lays  p e r  t r i p  and 
loading/unloading   opera t ions  times. 
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T a b l e  5 .2-7 .  S i z i n g  the EOTV - Payload Mass C a p a b i l i t i e s  
~~~~ ~ 

[ NON-VARIABLE COTV MASSES  (KG) 

STRUCTURES  AND  SUPPORTS 252,000 
SOLAR  BLANKETS 226 .a00 
REFLECTORS 25,200 
THRUSTER MODULES 32,400 
ROTARY J O I N T  6,540 
PUR D I S T R I B .  C CONTROL 46,500 
ins I 1,400 

ACS HARDWARE (ALL) 10,800 
ACS  PROPELLANT - LED 10 800 -622.4m 

+30% GROWTH MARGIN Ithb-730 
-809,17v 

~ ~~ 

LEO-TO-CEO T R I P   T I M E S  

90 DAYS 180 DAYS 1SO DAYS 120 DAYS 
"" 

LEO-TO-GEO ARGON PROPELLANT 42,210  95,390  148.560 
30,560  30.140  29.720 GEO-TO-LEO ARGON PROPELLANT 28 -460 28.880 29.300 

308.080  255.110 201 ,740 

ARGON TANKAWL IHES 

l59:930  90:200 SUBTOTAL 
21 600 16 200 IO LOO 5 400 ACS FLIGHT  PROPELLANT 

67 ;730 57 io50 46;290  35;570  24;860 14;ljO 

1,247,940  1.178.470  1,108.520  1.038.800  969,100 899.370 ELECTRIC COTV HASS 
NON-VARIABLE COTV MASS 

438,770 
809.170 809.170 809,170  809.170 809.170  809.170 

32.400 27 ,000  
3 6 9 . 3 0 0  299:350 -m 

CY I N  LEO 
PAYLOAD C A P A B I L I T Y  

1,221,740 
7,622,370 6,167,990  4 ,702,590 3,242,430 1.782.520 322,370 
8 ,870 ,310  7,346.460 5,811  ,110 4,261.230 2,751,620 

T a b l e  5.2-8. A s s u m p t i o n s   A f f e c t i n g  EOTV T r i p - T i m e  Cost Compar i sons  

I U V  PAYLOAD COSTS TO LEO SWKG PAYLOAD 
W V  PAYLOAD INTEGRATION PENALTY OF 10% 

~ ~ ~ ~~ ~~~ ~ 

IUV ADDITIONAL P A n o m  INTEGRATION  PENALTY OF 202 FOR PROPELLANT 
C(*ITAINMENT 

EOTV RESUPPLY PROPELLANT COSTS AMRAGE W K G  

EOTV  THRUSTER GRIDS WEIGH 4 KGlGRlD AND  COST $MOIGRID 
EOTV  THRUSTER GRIDS REPLACED AFER 4.000 HOURS &RJ TIME 

EOTV 'l.lR" IS DEFINED AS I O D S  REPLACEABLE AND I S  BASED ON EOTV 

EOTV OPERATIONS COST VARIABLE IS $2oo,ooO FOR EACH  FLIGHT TURNAROUND 
RFLT TIMES USING  360-OAY YEARS 

EOTV I N I T I A L   O N 6 R B I T   C o S i $ l 5 1 k 1 0 6  

DISCOUNT R A E   I S  7.5% 
EOTV  TURNAROUND TIMES  AS LISTED: 

SATELLITE INVESTMENT AT ~ 5 ~ 1 0 9  

LEO -TO -CEO 
TRIP TIMES 

M DAYS 
60 DAYS 

120 DAYS 
90 DAYS 

1M DAYS 
IKI DAYS 

TURNAROUND 
TIMES 

9 . 6  DAYS 
94 1 DAYS 

130.6 DAYS 

M3.9 DAYS 
160.8 DAYS 

240.4 DAY 5 

An example calculation is shown in Figure 5.2-7 for  the  180-day  LEO-to-GEO 
trip  time case with its up payload capability of 7,622,370 kg to demonstrate 
how costs are apportioned on a $/kg payload basis.  The results f o r  all LEO-to- 
GEO  trip-time cases are  also presented and  summed. Note that no apportionment 
has  yet been made for the initiallreplacement cost of the  vehicle. This will 
be considered in the material to  follow. 
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180-DAY LEO-TO-CEO T R I P  TlHE CASE - PAYLOAD = 7,622,370 

RESUPPLY : - HLLV -. OPERATIONS  COSTS 
0 ALL PROPELLANTS 5 080 KG) x 1.1 (PAYLOAD INTEGRATION) 

0 G R I D  HASS  REPLACEHENTS (4 KC/GRIO x.270 GRIDS x 1.3 GROWTH) 
X 1.2 (CONTAINHEI(I$ $30/KG (LAUNCH TO LEO) - 515,249.170 
x (166.9 BURN  DAYS x 24 HRS/DAY i 4.000 HRS)x 1.1 (P/L) x $3O/KG - 46,400 

$15.295.570 

MTERIALS/PROPELLANT COSTS 
0 PROPELLANT  HASS ( 3 8 m O )  X Sl/KG 

THRUSTER  HODL'LE REPLACEHENT G R I D S  

SPACE  .OPERAT IONS: 

0 AT $200,000 PER FLIGHT,  DIVIDED BY  PAYLOAD 
TURNAROUND COSTS 

- $0.068/KG PL 

- $0.026/KC PL 

ALL TRIP-TlHE C A S t S  

LEO-TO-CEO TRIP TlHES 

30 DAYS I 60 DAYS 90 DAYS 1 120 DAYS 1 150 DAYS I 180 DAYS 

RESUPPLY - HLLV OPERATIONS 

SJ. 026 50.032 $0.043 5 0 .  062 $0.112 5 0.620 SPACE OPERATIONS 
$0.068 50.071 50.  076 SO. 086 $0.111 $ 0.367 - HATERIALS/PRnP. 
52.007 sz. 101 S Z .  255 $2.550 53.322 511.099 

TOTALS $12.086 $3.545 52.696 . $2.101 S2.204 $2.314 
c 

Figure 5.2-7. A p p o r t i o n e d   R e s u p p l y   a n d   O p e r a t i o n s  
C o s t / k g  of EOTV P a y l o a d  

The d e f i n i t i o n  of v e h i c l e   " l i f e "  was s t a t e d   i n   t h e   a s s u m p t i o n s  as r equ i r -  
i n g  100% r e p l a c e a b i l i t y .  An example is  g i v e n   h e r e   a s s u m i n g   t h a t   v e h i c l e   l i f e  
is  l i m i t e d   t o  5 yea r s  of f l i g h t  time. For  the  180-day LEO-to-GEO t r i p - t i m e  
case,  5 years. times 360 days lyear   d iv ided  by  202.4 f l i g h t   d a y s  p e r  t r i p   y i e l d s  
a n   a v e r a g e   v e h i c l e   l i f e   o f   8 . 8 9 3 3   f l i g h t s .  From this   data ,   program  buys  can 
be  computed  and are shown i n   F i g u r e  5.2-8. Also f rom  the   da t a   p rov ided ,   f l ee t  
s i z e   c a l c u l a t i o n s   c a n   b e  made f o r   e a c h  t r i p - t i m e  case. Note   tha t  a 10-year 
" l i f e "  would halve  the  program  buy  requirements  but  would  not a l t e r  t h e   f l e e t  
s i z e  demands. 

The investment streams f o r   c a p i t a l   p u r c h a s e   o f   t h e  EOTV's is  developed 
f rom  cons ide ra t ion   o f   ave rage   veh ic l e   cos t ,   f l ee t   s i ze ,   t o t a l   p rog ram  buy ,   and  
v e h i c l e   l i f e .   F o r   t h i s   a n a l y s i s  it was assumed t h a t   t h e   a v e r a g e   v e h i c l e   c o s t  - 
in p l a c e  - would b e  $15.0~10~ r e g a r d l e s s   o f   t h e   t o t a l  numbers  purchased. The 
example shown i n   F i g u r e  5.2-9 is f o r  a 5-year   vehic le   " l i fe t '   and   assumes   tha t  
t h e   i n i t i a l   f l e e t   p r o d u c t i o n   i n v e s t m e n t   w a s b e g u n   s i x   y e a r s   p r i o r   t o   t h e   f i r s t  
SPS I O C  d a t e .  All LEO-to-GEO t r ip - t ime  cases are shown excep t   t he  30-day case 
which is now recognized as n o t   c o s t - e f f e c t i v e .   I f   t h e  l a s t  purchase  of  10-year 
l i f e   p o i n t  was p l o t t e d   f o r   t h e  60-day t r ip - t ime ,  i t  would  appear a t  $9.15  on 
the   o rd ina te   and   18 .728   yea r s  on t h e   a b c i s s a ,   b u t   t h e   i n i t i a l   f l e e t  complement 
investment  point  would  remain  unchanged. 
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EXAMPLE  CAICUIATION Poll 1 80-DAY  IXO-TO-GI:O  TRIP  TIUlr 

LIFE OF VEHICLE IS 8.8933 PLIOIITS 
DURING  TllE  VEHICLE  LIFE. IT  WILL  TRANSPORT 8.8933 x 7,622,370 KG = 67,769,020 KG. 
THE  PROGRAM  REQUIREMENTS ARE 120 SATELLITES  AT 4 0  x l o b  KG EACH DIVIDED  BY 
67,768,020 KG YIELDS  THE  REQUIRED  PRWIRAM  BUY OF 71 VEHICLES 
ASSUUING  THAT A SINGLE  SATELLITE  MASS OF 4 0  x l o6  KG MUST BE  DELIVERED  DURING A 
TIME  OF 240 DAYS  TIMES  THE  PAYLOAD = 2,858,390.  THIS IS THE  EQUIVALENT  PAYLOAD 
DELIVERED  BY  ONE  VEHICLE  OVER 90 DAYS.  SINCE 4 0  x IO6 KG IS IIEQUIRED, TilEN  DIVIDE 
BY THE  EQUIVALENT  PAYLOAD  TO  GIVE A FLEET  SIZE OF 14 VEHICLES. 

90-DAY  INCREMENT,  THEN  THE  FLEET  SIZE  REQUIREMENT IS 90 DAYS  DIVIDED  BY  TURNAROUND 

I ELECTRIC  COTV  LEO-TO-CEO  TRIP  TIMES I 

Figure 5 .2 -8 .  Electric EOTV Fleet Sizes and Program Buys 

CUMULATIVE  INVESTMENTS TOTAL PROGRAM BUY 
(BILLIONS OF' DOLLARS) 6 LAST PURCHASE s18.10 E 

18 - 
I6 - 

TRIP  TIME CASES 
LEO TO CEO 

(DAYS)  

s13.eo B 
14 - 

24.061 YR 

INITIAL  FLEET 8 - 
COMPLEMENT  BUY 

( s  BILLIONS) 

-6 -4 - 2 '  0 2 4 6 8 IO 12 14 16 I8 20 22 2 4  26 

YEARS  FROM FIRST SPS I O C  

Figure 5 . 2 - 9 .  EOTV Capi ta l   Inves tment   S treams 
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The time-value of money impact  on  cost  comparisons is d i s c u s s e d   i n  
F i g u r e  5.2-10 and   expres sed   fo r  a l l  t r ip - t ime cases i n  term of  $/kg  of EOTV 
payload. The inves tmen t   do l l a r s  were sub t r ac t ed   f rom  the  180-day t r i p  time 
case and  only  the A d i f f e r e n c e s  are t abu la t ed .  

THE TINE-VALUE OF YONEY YUST BE CONSIDERED IN THE COST COMPARISONS OF THE 
ELECTRIC COTV  ALTERNATIVES. 

(1) SATELLITE CAPITAL INVESTMENT 
LEO-TO-GEO TRANSFER TIMES SllOULD BE CONSIDEnED AS PERIOOS OF TILIE DURING 
WIIICII  TIlE  1NTEPI:ST  ON A CAPITAL INVESTMENT ( E . G .  , TIIE  SATEIAITIC VALUED 
AT  APPROXIMATELY  $5 BILLION) IS LOST. FOR EXAMPLE. THE "INTEIEST LOST" 

$184.1  MILLION. APPORTIONED ON A SATELLITE MASS BASIS EQUATES TO 
$4.603/KG. 

FOR A 180-DAY PERIOD AT A 7.5%-DISCOUNT RATE IS APPROXIMATELY 

( 2 )  COTV CAPITAL INVESTMENT 
FROM THE PREVIOUS CHART IT IS TO BE NOTED THAT  THE SHORTER TRIP-TIME 
CASES NOT  ONLY  REQUIRE  HIGHER INITIAL INVESTMENTS. BUT A I S 0  TllE INVEST- 
MENT  STREAM IS HIGHER. AGAIN, USING A 7.5% DISCOUNT RATE. FUTURE VALUE 
COMPUTATIONS WERE  MADE  FOR  EACH INVESTMENT STREAM  AND TllE DIFFERENCES 

TIME CASE) WERE ESTARLISHED. 
IN $/KG PAYLOAD (AGAINST  THE LOWER COST CASE"E.G., T H E  180-DAY TRIP- 

" 

__ - " -. . ." - . LEO-TO-CEO TRIP TIMES 
30 DAYS 180 DAYS 150 DAYS 120 DAYS DO DAYS GO nnYs 

INTEREST LOST o.755 ($/KG) 1.516 4 . 6 O 3  3.824 3.050 2.280 

COTV  INVEST- 

($/KG) 
MENT A's - 0. -192 1.158 2.403 5.877 40.128 

Figure 5.2-10. Time-Value of Money Impact on 
Cost Comparisons 

Cost i n  terms of  $/kg  of  EOTV pay load   fo r   r e supp ly ,   ope ra t ions ,   " lo s t "  
in te res t ,   and   inves tment  A's were summed and   p lo t ted   for   each   of   the  LEO-to- 
GEO t r i p  time cases, F igu re  5.2-11.  The r e s u l t s  are p r e s e n t e d   f o r  EOTV l i f e -  
times of 5 ,  10 and 15. y e a r s   i l l u s t r a t i n g   t h e   s h i f t   i n  minimum cos t   r anges  
toward   the   shor te r  LEO-to-GEO tr ip- t imes.   These results are encouraging  from 
t h e   s t a n d p o i n t   o f   l o n g - d u r a t i o n   t r a n s f e r   p a l a t a b i l i t y .   W i t h i n   r e a s o n a b l e  
bound  and for   the  performance  values   and  cost   assumptions  presented,   the  
p h y s i c a l  s i z e  of the electric EOTV vehicle can be  changed  without   appreciably 
a l t e r i n g   t h e s e   r e s u l t s .  
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COMPARATIVE  COSTS 
W K G  PAYLOAD) 

10 - 
9 -  

a -  

7 -  

6 -  

5 -  *. 30-DAY MI N I MUM 
COST  RANGES 

1 

30 60 90 120 150 180 
I 1 1 I 1 

LEO-TOCEO  TRIP  TIMES  (DAYS) 

Figure  5.2-11. Electric EOTV Cost Comparisons 
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6.0 ON-ORBIT  MOBILITY SYSTEMS 

On-orbi t   mobil i ty   systems  have  been  synthesized  in  terms of   app l i ca t ion  
and  concept  only.  On-orbit elements cons idered   here  are powered  by a chemical 
(LOX/LHz) propulsion  system. A t  least t h r e e   d i s t i n c t   a p p l i c a t i o n s   h a v e   b e e n  
i d e n t i f i e d ;  (1) the   need   t o   t r ans fe r   ca rgo   f rom  the  HLLV t o   t h e  EOTV I n  LEO 
and  from  the EOTV t o   t h e  SPS c o n s t r u c t i o n   b a s e   i n  GEO; (2) t h e  need t o  move 
ma te r i a l s   abou t   t he  SPS cons t ruc t ion   base ;   and  (3) the   p robable   need   to  move 
men o r  materials between  operat ional  SPS's. C l e a r l y   t h e  POTV, used  €or   t rans-  
f e r  of  personnel  from LEO t o  GEO and  re turn ,  is  t o o   l a r g e   t o   s a t i s f y   t h e  on- 
orb i t   mobi l i ty   sys tems  requi rements .  A " f ree- f lyer"   t e leopera tor   concept  
would appear   to   be  a 1 o g i c a l . s o l u t i o n   t o   t h e  problem. A propuls ive  e lement  
w a s  s y n t h e s i z e d   t o   s a t i s f y   t h e   c a r g o   t r a n s f e r   a p p l i c a t i o n   f r o m  HLLV-EOTV-SPS 
b a s e   i n   o r d e r   t o   q u a n t i f y   p o t e n t i a l   o n - o r b i t   p r o p e l l a n t   r e q u i r e m e n t s .   T h i s  
t r a n s p o r t a t i o n  element has   been   . des igna ted   i n t r a -o rb i t   t r ans fe r   veh ic l e  
(IOTV) . 

Siz ing  of t he  IOTV w a s  based  on a minimum s a f e   s e p a r a t i o n   d i s t a n c e  be- 
tween EOTV and  the SPS base  of  10 km. It -was a l s o  assumed t h a t  a reasonable  
t r a n s f e r  time would  be . i n  the   o rder   o f  two hours   ( round  t r ip) ,   which  equates  
t o  a AV requirement on t he   o rde r   o f  3 t o  5 m/sec. A s ingle   advanced  space 
engine (ASE) is employed with a spec i f i c   impu l se   o f  473  sec ( see   Sec t ion  7.2 
fo r   comple t e   eng ine   desc r ip t ion ) .  The p e r t i n e n t  IOTV parameters are summariz- 
ed   in   Table  6.0-1. 

Table 6.0-1. IOTV Weight Summary 

SUBSYSTEM 

ENGINE ( 1  ASE) 
PROPELLANT  TANKS 
STRUCTURE  AND L I N E S  
DOCK1 NG R i  NG 100 
A l l  I TUDE  CONTROL 50 

I .  

SUBTOTAL 
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7.0 PERSONNEL TRANSFER SYSTEMS 

The  personnel  transfer  systems  consist  of  three  basic  elements:  a  person- 
nel  launch  vehicle  (PLV)  to  transfer  construction  personnel  within  an  independ- 
ent  personnel  module (PM) from  earth to LEO;  a  personnel  orbital  transfer 
vehfcle (POTV), a  single  chemical  propulsive  stage  to  transfer  the PM from 
LEO to GEO;  and  the  PM,  a  self-contained  crew/personnel  module  containing  all 
the  necessary  guidance,  navigation,  communication,  and  life  support  systems 
for  construction  crew  transfer  from  earth  to  LEO. 

7.1 PERSONNEL  LAUNCH  VEHICLE  (PLV) 

The  PLV  is  a  derivative  or  growth  version of the  currently  defined  Space 
Shuttle  Transportation  System (STS). The  configuration  selected as  a baseline 
for  SPS  studies  is  representative  of  various  growth  options  evaluated  in 
Rockwell-funded  studies  and  NASA  contracts,  NAS8-32015  and  NAS8-32395. 

The  current  STS  configuration  is  depicted  in  Figure  7.1-1,  and  the  growth 
version  (PLV) is shown in Figure 7.1-2. As  indicated  in  the  figures,  the  growth 

F i g u r e  7 . 1 - 1 .  B a s e l i n e   S p a c e   S h u t t l e   V e h i c l e  
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I LAUNCH  CONFIGURATION 
PAYLOAD = FIOK LB 5 L O U  3.67oi i  L3 

BOOSTER (EACH;: 
CROSS 517 = 371K LS 
PROP. ilT = 715K LB 
ISERT YT = 156K ;B 

I - .  FT I 
I 20.0 FT O I A l  I 

LH2 TANK 

(102K 1.5) 

LAN0I:IG ROCKETS 

' R t S  
SHE-35 

F L O T A T I ~ N  STOWAGE ' ,/ 
I 

a aE:o 

PARACHUTE  STOUAGE ' E!IGI'IE COVER 
i OPE3 ) 

Figure  7.1-2. LO2/LH2 SSME I n t e g r a l  T w i n  B a l l i s t i c  Booster 

v e r s i o n   o r  PLV i s  achieved by r e p l a c i n g   t h e   e x i s t i n g   s o l i d   r o c k e t   b o o s t e r s  (SRB) 
wi th  a p a i r   o f   l i q u i d   r o c k e t   b o o s t e r s  (LRB). The e x i s t i n g   o r b i t e r  and   ex terna l  
tank  are u s e d   i n   t h e i r   c u r r e n t   c o n f i g u r a t i o n .  The  added  performance  afforded 
by t h e  LRB i n c r e a s e s   t h e   o r b i t e r   p a y l o a d   c a p a b i l i t y   t o   t h e   r e f e r e n c e  STS o r b i t  
by  approximately  54%,  or a to t a l   pay load   capab i l i t y   o f   45 ,350  kg  (100,000 l b ) .  

The  STS-derived  heavy l i f t  l aunch   vehic le  (STS-KLLV), employed i n   t h e  
precursor  phase  of SPS, is  der ived  by r e p l a c i n g   t h e  STS o r b i t e r  on t h e  PLV wi th  
a payload  module  and a reusable   propuls ion  and  avionics   module (PAM) to   p rov ide  
t h e   r e q u i r e d   o r b i t e r   f u n c t i o n s .  The PAM may b e   r e c o v e r e d   b a l l i s t i c a l l y  o r ,  
p re fe rab ly ,  as a down p a y l o a d   f o r   t h e  PLV. These   modi f ica t ions   y ie ld   an  STS- 
HLLV wi th  a payload  capabi l i ty   of   approximately  100,000 kg (Figure  7.1-3). 

7 . 1 . 1  LIQUID ROCKET BOOSTER (LRB) 

The LRB i l l u s t r a t e d   i n   F i g u r e   7 . 1 2 2   h a s  a gross  weight  of  395,000  kg, 
made up of  324,000 kg of   propel lant   (278,000 kg of LO2 and  46,000  kg  of  LH2), 
and  71,000  kg  of i n e r t   w e i g h t .  The o v e r a l l   l e n g t h   o f   t h e  LRB is  47.55 meters 
wi th  a nominal  diameter  of  6.1 meters. Four  Space  Shuttle  main  engine (SSME) 
d e r i v a t i v e s  are employed  with a g r o s s   t h r u s t   o f  412.7  newtons  (sea  level) ,  
providing a l i f t o f f   t h r u s t - t o - w e i g h t   r a t i o  of  1.335. 

Unique  design  features  of t h e  LRB, as compared to   an   expendab le   l i qu id  
booster   system, are p r e s e n t e d   i n   T a b l e  7.1-1. The n e c e s s i t y   t o   p r e c l u d e  ice 
damage t o   t h e   o r b i t e r   r e q u i r e s   t h e  LH2 t ank   t o   be   l oca t ed   fo rward   s ince   t he  
insulation  system,  which  must be  i n t e r n a l   t o   a v o i d  water impact  damage, is not  
compat ible   with L02.  I n  a d d i t i o n ,   t h e   t h i c k n e s s   o f   i n s u l a t i o n   r e q u i r e d  on t h e  
LH2 tank is about two times t h a t   r e q u i r e d  t o  m a i n t a i n   p r o p e l l a n t   q u a l i t y .  
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REUSABLE ENGINE 
POD \ 

LIFTOFF  WEIGHTS 
(IO3 kg) 

PAY LOAD 100.0 
EXTENAL TANK 738.3 
LRB (2) 790.0 
REUSABLE POD 13.7 

TOTAL  1642.0 

F i g u r e  7.1-3. STS HLLV C o n f i g u r a t i o n  



T a b l e  7.1-1. S h u t t l e  LRB U n i q u e   D e s i q n   F e a t u r e s  - - 

ICE DAMAGE 1 LH2  TANK  FWD,  INSULATED TO PRECLUDE  ICE 1 
AVO I DANCE 

ENTRY 
P R O V I S I O N S  

RCS TO  OR1  ENT  BOOSTER 
CLAMSHELL  COVERS  FOR  ENGINE  PROTECTION 
HEAT  SINK  STRUCTURE 

PARACHUTES & RETRO-SUSTAINER  ROCKETS 
WATER LANDfNG INTERNAL  LH2  TANK  INSULATION 

P R O V I S I O N S  RCS  FOR WAVE ALIGNMENT 
REINFORCED  STRUCTURE 
AVIONICS  TO  CONTROL  LANDING 

WATER PROTECTION 
P R O V I S I O N S  

CLAMSHELL  COVER FOR ENGINE  PROTECTION 

FLOTATION BAGS  FOR O R I E N T A T I O N  
, SEALED  STRUCTURE 

RECOVERY RADIO BEACON  AND L I G H T S  I PROVI  S IONS I HANDLING  HARDPOINTS 

Other  unique  features  are  the  provisions  required  for  entry,  water  landing, 
water  protection,  and  recovery. In addition  to  these  supplementary  provisions, 
the  structure  (unlike  that of an  expendable  system)  must  act  as  a  heat  sink  for 
reentry  heat  loads,  be  reinforced  to  absorb landing-loads, and  be  sealed  to 
prevent  sea  water  contamination. 

The  basic  structure  consists  of  the  propellant  tank  assembly  and  an  engine 
compartment.  The  tank  assembly  is  made  up  of  the LH2 tank  and  the LO2  tank, 
with  a  common  bulkhead  similar  to  the  Saturn  S-I1  separating  the  propellants. 
The  engine  compartment  comprises  a  skirt  section,  thrust  structure,  launch 
support  structure,  heat  shield,  and  movable  covers  that  protect  the  engines 
during  atmospheric  reentry  and  water  recovery.  The  locations  of  the  landing 
rockets,  the APU, avionics  packages,  parachutes,  the  flotation  bag,  and RCS 
system  are  indicated  in  Figure 7.1-2. 

The  structural  design  of  a  recoverable LFU3 is  governed  by  five  basic  load 
conditions:  water  impact,  high-Q  boost,  internal  tank  pressures,  prelaunch 
loads,  and  maximum  thrust. 

The  nose  cap  primary  structure  and  tank  frames  are  designed  to  withstand 
loads  due  to  initial  water  impact  and  subsequent  water  penetration  with  result- 
ant  slap-down  loads  being  reacted  by  the  tank  ring  frames.  Launch  maximum 
aerodynamic  pressures  (high-Q)  loads  influence  the  structural  design  of  the 
main  frames,  forward  portions  of  the  LH2  tank,  and  engine  thrust  structure. 
The  LH2  and  LO2  tank  walls  and  domes  are  structurally  sized  for  maximum 
internal  tank  pressures.  Equivalent  tank  wall  thickness  due  to  internal 
pressure  exceeds  those  required  by  other  load  conditions.  The  maximum  body 
bending  moment  occurs  at  the  aft  end  of  the  booster.  The  design  of  the  aft 
skirt  and  frames is governed  by  prelaunch  loads when  the  boosters  are  loaded 
and  free-standing on the  launch  pad.  The ET  attachments  thrust  structure  are 
designed  by  maximum  thrust  loads  at  launch. 
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There  are  four  structural  attachments  between  the  ET  and  each  booster. 
The  three  aft  attachments  t,ake  lateral  shears  and  bending  moments,  and  the 
forward  attachment  takes  lateral  shears  and  thrust  loads.  This  four-point 
interface  is  statically  determinate, so that  structural  loads  are  not  induced 
by  deformations in the  adjacent  body.  This  interface  arrangement is the  same 
as that  for  the  baseline  Shuttle. 

The  electrical  interfaee  between  the  booster  and  ET  is  accomplished  by 
external  cables  mounted  on  one  of  the  aft  struts.  They  are  separated  at  pull- 
away  connectors  when  the  strut  is  cut.  The  increased  number  of  wires  required 
for  the  LRB may increase  the  number  of  cables  and  connectors. 

7.1.2 LIQUID  ROCKET  BOOSTER  ENGINE  (SSME-35) 

The  LRB  utilizes  a  derivative of the  Space  Shuttle  main  engine (SSME). 
The  only  difference  between  the  LRB  engines  and  the SSME is in  nozzle  expansion 
ration,  35  in  lieu  of  77.5  to 1. The  SSME-35  and  its  characteristics  are 
depicted  in  Figure  7.1-4. 

T H R U S T ,   L B F  459.000 IS.L.1 
503.000 (VAC.1 

E X P A N S I O N   A R E A   R A T I O  35: 1 

CHAMBER  PRESSURE,   PS lA  3230 

M I X T U R E   R A T I O  6.0: 1 

SPECIFIC  IMPULSE,   SECONDS 406 (S.L. ) 
445 W A C . ]  

E N G I N E   W E I G H T ,   L B F  6340 

S E R V I C E   L I F E ,   H O U R S  .7.5 
S T A R T S  55 

E N V E L O P E :   L E N G T H ,   I N C H E S  146 

P O W E R H E A D  105 
N O Z Z L E   E X I T  63 

D I A M E T E R ,   I N C H E S  

F i g u r e  7.1-4. Liquid  Rocket Booster Main Engine (SSME-35) 

7.1.3 LIQUID  ROCKET  BOOSTER  RECOVERY  CONCEPT 

After  the  boosters  separate  from  the  orbiter-ET,  the  engine  covers  close 
and  the  reaction  control  system  (RCS)  fires  to  pitch  the  boosters  over  and 
align  them  for  reentry  (Figure 7.1-5). The  drogue  and  then  the  main  chutes 
deploy  to  slow  descent.  Retro  motors  are  fired to minimize  landing  velocity. 
Upon  splashdown,  the  chutes  release  and  flotation  bags  inflate  at  the  aft  end 
to  hold  the  engine  area  out  of  the  water. 
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The  booster will be  commanded  by  the  recovery  vessel  to  start  depressuriz- 
ing  (one  propellant  at  a  time)  upon  landing. The  recovery  vessel  will  pick  up 
chutes  during  booster  depressurization.  After  the  booster is depressurized, 
the  aft  end  of  the  ship  is  aligned to the  booster,  the  aft  gate  is  lowered, 
and  the  compartment is flooded (<30 minutes). A  craft is then  launched  to 
attach  tow  lines  to  the  booster,  which  is  then  pulled  into  the  ship.  The 
booster is positioned  over  contour  supports or lifted  in  a  crane  cradle, 
rear  gate  is  closed,  and  the  compartment  is  pumped dry. The  booster  undergoes 
washdown  and  inspection  as  the  ship  returns  to  port.  Utilizing  this  system, 
a  booster  can  be  retrieved  and  returned  to  port  in 20 to 24 hours  maximum (a 
function of distance  and  sea state). Booster  recovery  will  be  accomplished  in 
waves  up  to  eight  feet.  The  booster  recovery  system  is  shown  in  Figure 7.1-6. 

Figure 7.1-5. Integral  Booster  Recovery  Concept 
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SYSTEM ERRORS 

ERROR  SOURCE I VALUE 

&A LAHOING  RETRO  ROCKETS T/U - = 3.0 
P 7- SUSTAINER T/U = 0.9 

NOMINAL  IMPACT 
VELOCITY = 8 FPS 

EFFECT  OF  VELOCITY  ERRORS ON IMPACT  VELOCITY 

UATER 
IMPACT 
VELOCITY 
(FT/SEC) 

AIR DENSITY -2.37 FPS 

THRUST 

UEIGHT +2615 LB 

ALTIKTER - +2 FT 

SIGNAL T I M  - +4 FT 1 

10 r 
STRUCTURAL  WEIGHT  PENALTY / 

DESIGN CRITERIA / 

VELOCITY ERROR (FT/SEC) UATER  IMPACT  VELOCITY (FT/SEC) 

F i g u r e  7.1-6. Booster Recovery System 

7.2  PERSONNEL  ORBITAL  TRANSFER  VEHICLE (POW) 

As  stated  previously,  the  POTV fs the  propulsive  element  used to transfer 
the  personnel  module  (PM)  from  LEO  to GEO and  return. In previous  scenarios, 
the  POTV  reference  concept  used  two  common  stage  L02/LH2  propulsive  dlements. 
The first  stage  provided  an  initial  delta-V  and  returned  to  LEO.  The  second 
stage  provided  the  remaining  delta-V  required  for PM ascent  to  GEO  and  the 
requisite  delta-V  for  return  of  the PM to  LEO. 

The  alternate  concept  described  herein  uses  a  single  stage  to  transport 
the PM and  its  crew  and  passengers  to GEO (Figure  7.2-1).  After  initial  delivery 
of  the  POTV  to  LEO  by  the  STS  or  SPS-HLLV,  the  propulsive  stage  is  subsequently 
refueled  in  LEO  (at  the LEO station)  with  sufficient  propellants  to  execute  the 
transfer  of  the PM to  GEO.  At GEO, the  stage  is  refueled  for  a  return  trip  of 
crew  and  passengers  to  fEO. The HLLV  delivers  crew  consumables  and  POTV  pro- 
pellants  to LEO and  the  EOTV  delivers  the  same  items  required  in  GEO. The 
PM with  crew/personnel  is  delivered  to  LEO  by  the  PLV. 

Although  significant  propellant  savings  occur with this  approach,  as 
compared  to  the  reference  concept,  the  percentage  of  total  mass  is  small  when 
compared  with  satellite  construction  mass.  However,  the  major  impact  is 
realized  in  the  smaller  propulsive  stage  size  and  the  overall  reduction  in 
orbital  operations  requirements. 
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fROfELLANT 
TRANSFER 

SINGLE STAGE 

E O N  

CREW MODULE 

LEO STATION 
~ROPELLAllT 
TRANSFER 

CREW 
DELIVERY 

CONSTRUCTION PAYLOAD 
CREW  EXPENDABLES 
fO1VPROPELLANT 

-4g. 
J . f ' I  

SHUTTLE  ORBITER 

Figure 7.2-1. POTV O p e r a t i o n s   S c e n a r i o  

7.2.1  PERSONNEL  ORBITAL  TRANSFER  VEHICLE  CONFIGURATION 

The  recommended  POTV  configuration  is  shown  in  Figure  7.2-2  in  the  mated 
configuration  with  the  PM.  Either  element  is  capable of delivery  from  earth 
to LEO  in  the  PLV;  however,  subsequent  propellant  requirements  for  the  POTV 
will be delivered  to  LEO  by  the  HLLV  because  of  the  lesser $/kg payload  cost. 

4.5 M 

I 6 60 MAN CREW  MODULE 18,000 KG 1 
I SINGLE  STAGE O W  

(GEO  REFUELING) 
36,000 KG I I 0 BOTH ELEMENTS CAPABLE OF GROWTH STS LAUNCH I 

F i g u r e  7.2-2.  Recommended POTV C o n f i g u r a t i o n  
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I n d i v i d u a l   p r o p e l l a n t   t a n k s  are i n d i c a t e d   f o r   t h e  LO2 and LH2 i n   t h i s  
conf igu ra t ion   because   o f -unce r t a in t i e s  a t  t h i s  time i n   s p e c i f i c   a t t i t u d e   c o n t r o l  
requi rements .   Wi th   fur ther   s tudy ,  i t  may be   advantageous   to   p rovide  a common 
bulkhead  tank as i n   t h e  case of the   Sa turn-11 ,   and   loca te   the  ACS a t   t h e   m a t i n g  
s t a t i o n   o f   t h e  POTV and PM, o r   i n   t h e   a f t   e n g i n e  compartments-space  permitting. 

The POW u t i l i z e s  two advanced  space  engines (ASE), which a r e  similar i n  
o p e r a t i o n   t o   t h e   S p a c e   S h u t t l e  main  engine (SSMJI). The engine is of  high  per- 
formance  with a staged  combustion  cycle  capable  of  idle-mode  operation. The 
engine   employs   au togenous   p ressur iza t ion   and   low  in le t  NPSH opera t ion .  A two- 
pos i t i on   nozz le  is used to   min imize   packaging   length   requi rements .  The ASE and 
pe r t inen t   pa rame te r s   a r e  shown i n   F i g u r e  7.2-3. A curren t   engine   weight   s ta te -  
ment i s  given  in  Table  7.2-1.  

THRUST (LB)  

CHAMBER PRESSURE 

EXPANS I ON RAT IO 

MIXTURE  RATIO 

SPECIFIC  IMPULSE 

DIAMETER ( I N . )  

LENGTH ( I N. ) 

NOZZLE RETRACT 

NOZZLE  EXTENDE 

(PSIA) 

'ED 

:D 

20,000 

2000 

400 

6 .0  

473.0 

48.5 

50.5 

94.0 

Figure 7.2-3. Advanced   Space   Eng ine  
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T a b l e  7.2-1. C u r r e n t  ASE E n g i n e   W e i g h t  

Fuel  boost  and  main  pumps 
Oxidizer  boost  and  main  pumps 
Preburner 
Ducting 
Combustion  chamber  assembly 
Regen.  cooled  nozzle ( e =  175:l) 
Extendable  nozzle  and  actuators ( e  = 400:l) 
Ignition  system 
Controls,  valves,  and  actuators 
Heat  exchanger 

.~ 
~~ 

74.5 
89.8 
12.4 
25.0 
62.8 
58.4 
122.0 
6.1 
74.0 
14.0 

Total (lb)* 539.0 

1 *Based  on  major  component  current  measured  weights. 
. . .~ . _I 

Since  the POTV concept  utilizes  an  on-orbit  maintenancelrefueling  approach, 
an  on-board  system  capable  of  identifyinglcorrecting  potential  subsystem  problems 
in  order  to  minimizeleliminate  on-orbit  checkout  operations  is  postulated. 

The  recommended P O W  configuration  has  a  loaded  weight of 36,000  kg  and 
an  inert  weight  of  3750  kg.  A  weight  summary is  presented  in  Table  7.2-2. 

Although  the  current P O W  configuration  provides  a  suitable  concept  for 
identifying  and  developing  other SPS programmatic  issues,  further  trade  studies 
are  indicated  such  as  tank  configuration  and  ACS  location(s).  Also,  future 
studies  might  be  directed  toward  the  evolution of a  Configuration  that  would 
be  compatible  w2th  potential  near-term STS OTV development  requirements. 

T a b l e  7.2-2. POTV W e i g h t  Summary 

Subsystem Weight  (kg) 

Tank (5) 

262 Other 
235 Attitude  control 
490 Engine (2) 
100 Docking  ring 
702 Structures  and  lines 

1,620 

Subtotal 3,409 
Growth  (10%) 341 

Total  inert 3,750 

Propellant 32 , 750 
Total  loaded 36,000 

~~ 
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7.2.2 PERSONNEL  MODULE (PM) 

In  Volume 111, a  construction  sequence  has  been  developed  which  requires  a 
crew  rotation  every 90 days  for  crew  complements  in  multiples  of 60. The  PM  was 
synthesized  on  this  basis. A limitation  on PM size  was  established  to  assure 
compatibility  with  the  PLV  cargo  bay  dimensions  and  payload  weight  capacity 
(i.e., 4.5 m X 17  m and 45,000 kg). 

The PM shown  in  Figure  7.2-2  is  based  on  parametric  scaling  data  developed 
in  previous  studies. It is  assumed  that  a  command  station  is  required  to  moni- 
tor  and  control  POTV/PM  functions  during  the  flight.  This  function  is  provided 
in  the  forward  section  of  the  PM  as  shown.  Spacing  and  layout  of  the PM is 
comparable  to  current  comnercial  airline  practice.  Seating  is  provided on the 
basis  of  one  meter,  front  to  rear,  and  a  width  of  0.72  meter. PM mass  was 
established  on  the  basis  of 110 kg/man  (including  personal  effects)  and  approx- 
imately  190  kg/man  for  module mass. The PM design  has  provisions  for 60 passen- 
gers  and  two  flight  crew  members. 

Several  POTVIPM  options  were  evaluated  (Figure  7.2-4  and  Table 7.2-3). 
All options  utilize  a  single-stage  propulsive  element  which  is  fueled  in  LEO 
and  refueled  in  GEO  for  the  return  trip.  The  various  options  considered  trans- 
fer of both  crew  and  consumables  as  well  as  crew  only.  Transfer of consumables 
by  EOTV  was  determined  to  be  more  cost  effective.  Another  potential  option, 
which  is  yet  to  be  evaluated,  is  a  30-man  crew  module  and  integral  single-stage 
capable  of  storage  within  the  PLV  cargo  bay. 

0 OPTION 41 CREW MODULE - 60 MAN OTV  STAGE 

e OPTION 42 (CREW MODULE SAME As 
RESUPPLY MObULE - 60 MAN 

OPTION 
OW STAGE 

OPTION 43 CREWlRESUPPLY MODULE - 30 MAN O N  STAGE 

F i g u r e  7.2-4. P o r n /  'PM Configuration Options 
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T a b l e  7.2-3. POTV/PM Options-Element Mass 

!% 

60-man crew  module  18 000 

60-man  resupply module 26 000 

Integrated  30-man  crewlresupply 
module 22,000 

Option 1 OTV 36 000 

Option  2 OTV 87 000 

Option 3 OTV 44,000 
~ ~- 
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8.0 COST AND PROGRAMMATICS 

A summary  of  transportation  costs  and  schedules  are  presented.  More 
detailed  data  and  costing  assumptions  are  included  in  Volume 11, Part 2 .  

Table 8.0-1 presents  a  summary of the SPS program  development  cost.  The 
transportation  system  elements (WBS 1.3)  account  for  approximately 42 percent 
of the  total  program  development  cost. In Table 8.0-2 it  may  be  seen  that  the 
PLV  and  STS-derived  HLLV (WBS 1.3.3) contribute  almost 26 percent  to  the  trans- 
portation  development  costs. 

Table 8.0-3 presents  a  summary  of  SPS  program  average  cost,  where  the 
transportation  cost  is  approximately 1 5  percent  of  that  average  cost. The-PLV 
and  STS-derived  HLLV  accounts  for  approximately 22 .5% of  that  cost  (Table 8 .0 -4 ) .  

The  amortized  HLLV  costjkg  to  LEO  can  be  obtained  by  multiplying  Column 1 
(Investment  per  Satellite)  by  the  number  of  satellites (601, and  adding  the 
product  of  Column 4 (Total  Operation)  and  the  number  of  satellites (60) and 
the  number  of  satellite  years ( 3 0 ) ;  then  divide  that  quantity  by  the  product 
of total  number  of  HLLV  flights  from  Table 3.0-3 (22 ,811)  and  the  HLLV  payload 
( 0 .  231X1O6 kg). 

The  results  of  that  calculation  yields  a  payload  cost  to  LEO of $62/kg  ($28/lb). 

SPS  transportation  schedules  are  presented  in  Figures 8.0-1 and  8.0-2. 
The  schedules  show  the  need  for  major  technology  development  programs  commitment 
in  CY 1981, and  a  commitment  for  full-scale  development  of  transportation  elements 
by 1990 in  order  to  meet an IOC  date  at  the  end  of  CY 2000.  
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Table 8.0-1. Satellite Power S y s t e m  (SPS) Program Development Cost 

i. 1 

1.2 SPACE CUNLTKUCTIUN & SUPPORT 7331 180 8602a523 15933 a703 

k.3 THANSPUHTAIIJN 12468a816 22866. A99 35333 a 0 1 6  
. . ... - "- 

1.4 bhUUNO . C ( E C t i V l N L ;  S T A T  ION.. .. 1 155.49.? 361 e.-???"- 3734.427 

1.5 HANAG€MEhtT AND INTEGR A 1  ION 13 92 a 463 2151a918 3544 a 3  82 

1.6 MASS CONIlNGtNCY 4160a031 5 9 1 2 a 9 4 5  l O O 7 i !  .9 77 
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Table 8.0-2. Satellite Power System (SPS) Transportation Systems Development Cost 
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T a b l e  8.0-4. S a t e l l i t e  Power S y s t e m  (SPS)  Transpor takyon   Sys t em  Average  Cost 
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APPENDIX  A 

HORIZONTAL TAKEOFF - SINGLE STAGE TO ORBIT 
TECHNICAL SUMMARY 

A. 0 INTRODUCTION 

Evolving  Satellite  Power  System (SPS) program  concepts  envision  the 
assembly and operation  of  sixty  solar-powered  satellites  in  synchronous 
equatorial  orbit  over  a  period of-thirty years.  With  each  satellite  weigh- 
ing  approximately 35 million  kiolgrams,  economic  feasibility  of  the  SPS is 
strongly  dependent  upon  low-cost  transportation  of  SPS  elements..  The  rate 
of  delivery  of  SPS  elements  alone  to LEO for  this  projected  program .is 70 
million  kilograms  per  year.  This  translates  into  770  flights  per  year  or 
2.1 flights  per  day  using  a  fleet  of  vehicles,  each  delivering  a  cargo  of 
91,000 kilograms. 

The  magnitude  and  sustained  nature of this  advanced  space  transportation 
program  concept  require  long-term  routine  operations  somewhat  analogous  to 
commercial  airlinelairfreight  operations.  Vertical-takeoff,  heavy  lift  launch 
vehicles (e.g., 400,000 kg payload)  can  reduce  the  launch  rate  to  175  or  more 
flights  per  year.  However,  requirements  such  as  water  recovery  of  stages  with 
subsequent  refurbishment,  stacking,  launch  pad  usage,  and  short  turnaround 
schedules  introduce  severe  problems  for  routine  operations.  Studies  performed 
previously  showed  that  substantial  operational  advantages  are  offered  by  an 
advanced  horizontal  takeoff,  single-stage-to-orbit  (HTO-SSTO)  aerospace  vehicle 
concept.  Further  analysis  of  this  concept  was  needed  to  provide  a  promising 
alternative  to  vertical  launch  heavy  lift  launch  vehicle  approaches  for  LEO 
logistics  support  of  the SPS. 

The  technical  problems  requiring  investigation  were  of  two  types: (a)  the 
need  for  further  development  of  the  vehicle  system  concept  including  a  multi- 
cell  wet  wing  containing  cryogenic  propellants in a  blended  wing-body  configura- 
tion;  and (b) technology  issues,  particularly  the  technical  feasibility  and 
performance  potential of an  advanced  hybrid  airbreathing  engine  system,  and 
technical  assessment  of  a  flight  mode  involving  horizontal  takeoff,  long  range 
cruise,  subsequent  insertion  into  an  equatorial  orbit  and  return  via  aeromaneu- 
ver to  the  higher-latitude  take-off  site. 

The  general  objective  of  this  study  was  to  improve  system  definition  and 
to  advance  subsystem  technologies  for  a  horizontal  takeoff,  single-stage-to- 
orbit  vehicle  which  can  provide  economical,  routine  earth-to-LEO  transportation 
in  support of the  Satellite  Power  Systems  program.  Specific  objectives  were: 

1, To  improve  the  design  definition  and  technical  and  operational 
features  of  the  HTO-SST0  vehicle  concept  primarily  using  exist- 
ing  aerodynamic,  aerothermal,  structural,  thermal  protection, 
airbreather  and  rocket  propulsion,  flight  mechanics  and  operations 
technology  integrated  into  a  total  systems  design. 
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2. To identify  disciplines and 'subsystems in  which the  application 
of advanced  technology  would  produce  the  greatest  increase in 
system performance,  and  to  advance  technologies  in  specific 
areas. 

The  primary  elements of the  HTO-SST0  study  and  the  related  technology 
issues  are  summarized  in  Figure A - 1 .  Technical  briefings  and  study  progress 
briefings  were  given  to NASA Headquarters,  MSFC,  JSC  and  LaRC,  and to USM/ 
SAMSO. A code  showing  the  general  level  of  technical  assurance  of  the  study 
data  as  being  suitable  for  feasibility  confirmation  is  placed  adjacent  to 
technology  items. A filled  square, m ,  indicates  a  high  degree of confidence 
in  analytical  methods  and  results. A half-filled  square, 0 , indicates  data 
requiring  further  technical  analyses.  The  hollow  square, 0 , relates  to 
technology  issues  not  analyzed  or  which  will  require  detailed  in-depth  analysis 
to  produce  data  suitable  for  feasibility  confirmation. 
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Figure A - 1 .  Study Summary -- Advanced Transportation 
System for SPS 

m e  combined  systems  design/performance  and  technology  development  studies 
produced a number of significant  results. 
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1. Demonstrated,   with end-to-end s i m u l a t i o n ,   t h e   a b i l i t y   o f   t h e  
v e h i c l e   t o   t a k e   o f f   f r o m  KSC, c r u i s e   t o   t h e   e q u a t o r i a l   p l a n e ,  
i n s e r t   i n t o  a 300 nmi e q u a t o r i a l   o r b i t   w i t h  151,000-pound  pay- 
load ,   and   t hen   t o   r e - en te r   and   r e tu rn   t o   t he   l aunch  si te;  a l s o  
t o   d e l i v e r  a 196,000-pound  payload  with a due-East  launch. 

2. Devised a m o d i f i e d   a i r b r e a t h i n g   e n g i n e   c y c l e   f o r   o p e r a t i o n   i n  
turbofan,  air-turbo-exchanger  and ramjet modes to   p rov ide   an  
e f f e c t i v e   m a t c h   w i t h   t a k e o f f ,   c r u i s e   a n d   a c c e l e r a t i o n   r e q u i r e -  
ments. 

3. Showed t h a t   t h e  HTO-SST0 1ower . sur face   t empera tures   dur ing  re- 
e n t r y  are several hundred  degrees   lower  than  the STS o r b i t e r  
lower   sur face   t empera tures   because   o f  a lower  wing  loading. 
As a result, an advanced  t i tanium  aluminide  system shows  pro- 
mise o f   be ing   l i gh te r   t han   t he  RSI t i l e  f o r   t h i s   a p p l i c a t i o n .  

This   s tudy-was  funded  pr imari ly  by  Rockwell IRCD funds  and  a-summary  only is 
contained  herein.  

A. 1 OPERATIONAL FEATURES 

The HTO-SST0 concept  adapts  existing  and  advanced  commercial   and/or m i l i -  
t a r y  air  t ransport   system  concepts ,   operat ions  methods,   maintenance  procedures ,  
and  cargo  handling  equipment  to  include a space-related  environment .  The 
p r i n c i p a l   o p e r a t i o n a l   o b j e c t i v e  is to   p rov ide   economic ,   r e l i ab le   t r anspor t a -  
t i o n  of l a r g e   q u a n t i t i e s   o f  material between ea r th   and  LEO a t  h i g h   f l i g h t   f r e -  
quencies   wi th   rou t ine   log is t ics   opera t ions   and   min imal   envi ronmenta l   impact .  
An a s s o c i a t e d   o p e r a t i o n a l   o b j e c t i v e  w a s  t o   r educe   t he  number of o p e r a t i o n s  
r e q u i r e d   t o   t r a n s p o r t  material and  equipment  from t h e i r   p l a c e   o f   m a n u f a c t u r e  
on e a r t h   t o  low e a r t h   o r b i t .  

O p e r a t i o n s   f e a t u r e s   d e r i v e d   i n   t h e   s t u d y  are as fol lows:  

S i n g l e   o r b i t  up/down to / f rom  the  same launch s i t e  (at any  launch 
azimuth  subject  to  payload/launch  azimuth  match) 

Capable  of  .obtaining 300 nmi e q u a t o r i a l   o r b i t  when launched  from 
KSC 

Tota l   sys t em  r ecove ry   i nc lud ing   t he   t akeof f   gea r   wh ich  is  j e t t i -  
soned  and  recovered a t  the   l aunch  s i t e  

Aerodynamic f l i g h t   c a p a b i l i t y   f r o m   p a y l o a d   m a n u f a c t u r i n g  s i te  to  
launch site, add i t ion   o f   l aunch   gea r   and   fue l ing ,   and   l aunch   i n to  
e a r t h   o r b i t  
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Amenable t o  alternative launch/ landing sites 

I n c q r p o r a t e s  A i r  Force (C-SA Galaxy)  and  commercial (747 cargo)  
payload   handl ing ,   inc luding   ra i l road ,   t ruck ,   and   cargo-sh ip  con- 
t a i n e r i z a t i o n   c o n c e p t s ,   m o d i f i e d   t o  meet space  environment 
requirements  

Swing-nose  loading/unloading,   permit t ing  normal   a i rcraf t   loading-  
d o o r   f a c i l i t y   c o n c e p t   a p p l i c a t i o n  

9 Propuls ion   sys tem service us ing   ex is t ing   suppor t   equipment   on  
runway aprons or near s e r v i c e   h a n g a r s  

I n - f l i g h t   r e f u e l i n g   o p t i o n s   ( o p t i o n   n o t   i n c l u d e d   i n   r e f e r e n c e  
v e h i c l e   d a t a )  

Ai2 DESIGN FEATURES 

The HTO-SST0 u t i l i z e s  a t r i - d e l t a   f l y i n g  wing   concept ,   cons is t ing   o f  a 
m u l t i - c e l l   p r e s s u r e  vessel o f   t ape red ,   i n t e r sec t ing   cones .  The t r i - d e l t a   p l a n -  
form  (blended  fuselage-wing)  and a Whitcomb a i r f o i l   s e c t i o n   o f f e r   a n   e f f i c i e n t  
aerodynamic  shape  from a per formance   s tandpoin t   and   h igh   propel lan t   vo lumetr ic  
e f f i c i e n c y .  The outer   pane ls   o f   the   wing   and   vent   sys tem  l ines  i n  the   wing ' s  
l ead ing   edge   p rov ide   t he   gaseous   u l l age   space   fo r  LH2 f u e l .  LH2 and LO2 t anks  
are l o c a t e d   i n   e a c h   w i n g   n e a r   t h e   v e h i c l e , , c . g . ,   a n d   e x t e n d   f r o m   t h e   r o o t   r i b  
t o   t h e  wing t i p  LH2 u l l age   t ank   (F igu re  A-2). Approximately 20% o f   t he  volume 
o f   t h e   v e r t i c a l   s t a b i l i z e r  i s  u t i l i z e d  as pa r t   o f   t he   gaseous   u l l age  volume  of 
t h e   i n t e g r a l  wing-mounted LO2 t a n k s .   I n   t h e   a f t  end   o f   t he   veh ic l e ,   t h ree  up- 
ra ted   h igh-PC  rocke t   engines   ( th rus t  = 3.2X106 l b )  are a t t ached   w i th  a double- 
c o n e   t h r u s t   s t r u c t u r e   t o  a two-cell  LH2 tank. 

Most of   the   cargo   bay   s ide  walls are provided  by  the  root-r ib   bulkhead  of  
t h e  LH2 wing  tank. The cargo   bay   f loor  is  designed similar t o   t h e  C5-A m i l i t a r y  
t r a n s p o r t   a i r c r a f t .   T h i s  p e r m i t s  the  use  of  MATS and  Airlog  cargo  loading  and 
r e t en t ion   sys t ems .  The top  of  the  cargo  bay is a mold-l ine  extension  of   the 
wing  upper  contours,   wherein  the  frame  inner  caps are a r c h e d   t o  resist p r e s s u r e  
a t  minimum weight.  The forward end of   the   cargo   bay   has  a c i r c u l a r   s e a l / d o c k -  
ing   p rov i s ion   t o   t he   fo rebody .  Cargo is  d e p l o y e d   i n   o r b i t  by  swinging  the  fore-  
body t o  90 or more degrees   about  a v e r t i c a l  axis a t  t h e   s i d e   o f   t h e  seal, and 
t r ans fe r r ing   ca rgo   f rom  the  bay i n t o   s p a c e  or t o   i n - space  receivers on te lescop-  
i n g  rails. 

The forebody i s  a n  R"10 ogive   o f   revolu t ion   wi th   an  a f t  dome c l o s u r e .  
The ogive i s  d i v i d e d   h o r i z o n t a l l y   i n t o  two levels. The upper level provides  
s e a t i n g   f o r  crew and  passengers,  as well as t h e   f l i g h t   d e c k .  The lower  compart- 
ment c o n t a i n s   e l e c t r o n i c ,   l i f e   s u p p o r t ,  power ( f u e l   c e l l )  , and other   subsystems 
i n c l u d i n g   s p a r e  l i f e  support  and  emergency  recovery  equipment. 

Ten high-bypass, supersonic-turbofan/airturbo-exchanger/ramjet engines  
wi th  a combined s ta t ic  t h r u s t  of 1 . 4 X 1 O 6  l b  are mounted  under  the  wing. The 
i n l e t s  are v a r i a b l e  area r e t r a c t a b l e  ramps t h a t   a l s o   c l o s e   a n d   f a i r   t h e   b o t t o m  
i n t o  a smooth su r face   du r ing   rocke t  powered f l i g h t  and for   h igh   angle-of -a t tach  
b a l l i s t i c  re-entry. 
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F i g u r e  A-2. HTO-SST0 D e s i g n   F e a t u r e s  

Figure A-3 s h o w s   a n   i n b o a r d   p r o f i l e   o f   t h e   v e h i c l e ,   i l l u s t r a t i n g   t h e  
d e t a i l s   o f  body c o n s t r u c t i o n ,  crew compartment,   cargo  bay  length,  LHz tank 
conf igu ra t ion ,   and   l oca t ion  of the   rocke t   engines  a t  rear of   fuse lage .  The 
h ing ing   and   ro t a t ion   o f   t he   nose   s ec t ion   fo r   l oad ing   and   un load ing   t he  pay- 
loads  are i l l u s t r a t ed ,   w i th   i nd ica t ion   o f   v i ew  ang le   f rom  the  rear of   the  
nose   s ec t ion   du r ing   t hese   ope ra t ions .  The m u l t i p l e   l a n d i n g   g e a r   c o n c e p t  shows 
t h e   p o s i t i o n   o f   t h e   n o s e   g e a r   b o g i e ,   t h e   j e t t i s o n a b l e   t a k e o f f   g e a r ,   a n d   t h e  
main  landing  gear  for  powered  landing. 

Figure A-4 p r e s e n t s   f r o n t  and rear views  of   the  vehicle   showing  the  blended 
wing ,   engine   in le t   duc ts ,   l anding   gear   a r rangement ,   and  ver t ical  s t a b i l i z e r .  
Also shown are t y p i c a l   s e c t i o n s   t h r o u g h   t h e   v e h i c l e  a t :  

The h inge  line s e c t i o n  (B-B) a f t  o f   the  crew compartment  and 
forward  of   the  noae  gear .   Cross-sect ional   dimensions of  t h e  
cargo  bay are i n d i c a t e d .  

The 40% c h o r d   l i n e   f u s e l a g e   s e c t i o n  (C-C) i l l u s t r a t i n g   t h e  
wing and f u s e l a g e   c o n s t r u c t i o n   a n d   t h e   p r o f i l e   o f   t h e   w i n g /  
f u s e l a g e   f a i r i n g .  

The  main  landing  gear   s ta t ion (D-D) i l l u s t r a t i n g   t h e   g e a r  
r e t r a c t i o n   g e o m e t r y ,   t h e   r e l a t i o n s h i p   o f   t h e   g e a r   t o   t h e  
engine  a i r  i n l e t  duc t s   and   t he   w ing   cons t ruc t ion   and   p ro f i l e  
to the .   f t iselage  shape.  
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F i g u r e  A - 3 .  HTO-SST0 Inboard Profi le  

SECTION C-C SECTION 0-0 

YIC Y/C 
.08772 20247 
I I 

F i g u r e  A-4. Vehicle S e c t i o n   R e s u l t s  
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Figure  A-5 p r e s e n t s   d e t a i l s   o f   t h e   b a s i c   m u l t i - c e l l   s t r u c t u r e  of the wing. 
The u p p e r   p o r t i o n   i l l u s t r a t e s   t h e   a p p l i c a t i o n   o f   " S h u t t l e - t y p e "  RSI t i l e  thermal 
pro tec t ion   sys tem (TPS). The lower   por t ion  shows a p o t e n t i a l   u t i l i z a t i o n   o f  a 
"metallic" TPS. 

The  wing is  a n   i n t e g r a t e d   s t r u c t u r a l   s y s t e m   c o n s i s t i n g   o f   a n   i n n e r   m u l t i -  
cel l  p r e s s u r e   v e s s e l ,  a foam-f i l l ed   s t ruc tu ra l   co re ,   an   i nne r   f ac ing   shee t ,  a 
p e r f o r a t e d   s t r u c t u r a l  honeycomb core ,   and   an   ou ter   fac ing   shee t .  The i n n e r  
m u l t i - c e l l   p r e s s u r e   v e s s e l   a r c h e d   s h e l l   a n d  webs are conf igu red   t o  resist 
p res su re .  The p res su re   ves se l   and   t he  two f ac ing   shee t s ,   wh ich  are s t r u c t u r a l -  
l y   i n t e rconnec ted   w i th   pheno l i c - impregna ted ,   g l a s s   f i be r ,  honeycomb c o r e ,  re- 
sist wing  spanwise  and  chordwise  bending moments. Cell  webs react w i n g l i f t  
shear forces .   Tors ion  i s  r e a c t e d  by t h e   p r e s s u r e   v e s s e l   a n d  the two f a c i n g  
s h e e t s  as a mult i -box  wing  s t ructure .  

R S I  TILE TPS 
OUTER FACING SHEET 

FOAM FILLED 
H O N E Y C O M   C O I E  

INNER  FACING SHEET 

METALL1 C TPS CELL  ARCHED  SHELL ' 
TRUSS CORE PANEL 

THERMAL INSULATION BLANKET 
(PROTECALOR METAL FOIL WRAPPED) 

II 11 

F i g u r e  A-5. W i n g   C o n s t r u c t i o n   D e t a i l   w i t h   C a n d i d a t e  
TPS Con f i gura  ti ons 

The o u t e r  honeycomb c o r e  is  p e r f o r a t e d  and p a r t i t i o n e d  t o  provide  a con- 
t ro l led   passage ,   purge   and   gas   l eak   de tec t ion   sys tem  func t ion   in   addi t ion   to  
t h e   f u n c t i o n   o f   s t r u c t u r a l   i n t e r c o n n e c t   o f   t h e   i n n e r   a n d   o u t e r   f a c i n g   s h e e t s .  
The c o n s t r u c t i o n   o f   t h e   w i n g   s t r u c t u r e   u t i l i z e s   t h e   " I n f l a t i o n  Assembly 
Technique"  developed by Rockwell f o r   t h e   S a t u r n  I1 b o o s t e r  common bulkhead. 

A. 3 MULTI-CYCLE AIRBREATHER ENGINE SYSTEM 

Takeoff  and  climb  to 100,000 f t   a l t i t u d e  and  5,800  fps is by a i r b r e a t h e r  
propuls ion .   Para l le l   burn   o f   a i rbrea ther   and   rocke t   p ropuls ion   occurs   be tween 
5,800 t o  7,200 fps.   Rocket power is  then  employed  from 7,200 f p s   t o   o r b i t .  
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The mul t i -cyc le   a i rbrea th ing   engine   sys tem,   F igure  A-6 is  der ived  from t h e  
General Electric CJ805 a i r c r a f t   e n g i n e ,   t h e   P r a t t  and  Whitney SWAT 201 super- 
s o n i c  wrap-around t u r b o f a d r a m j e t   e n g i n e ,   t h e   A e r o j e t  A i r  Turborocket,   Marquardt 
var iab le   p lug-nozz le ,  ramjet engine  technology,  and  Rocketdyne  tubular-cooled, 
high-PC rocket   engine  technology.  

TURBOJET 
TURBINE 
CoMPRESSOR / (LH2  RANKINE  CYCLE) 
DRIVE 1 

AIRTlJRBO EXCHANGER  MANIFOLD 

TURB 
snul 

TURBOJET 
C0MI)USTION I I /  FREE-TUUBINkjFAN 

ASSEMBLY 

0 JET 
lOFF 

ic 

P L U G   N O Z Z L E  SUPPORT ' 
COOLED C W E I  
REGENERATIVELY 

DESIGN  POINT ORBITAL  FLIGHT 
AIR INLET  CLOSED 

DESIGN POlM TAKEOFF 
AIR INLET OPEN 

F i g u r e  A-6. Mult i -Cycle   Airbreathing  Engine and I n l e t ,  
Turbofan/Air  Turboexchanger/Ramjet 

The multi-mode  power cyc le s   i nc lude :   an   a f t - f an ,   t u rbo fan   cyc le ,  a LH2,  
regenera t ive   Rankine ,   a i r - turboexchanger   cyc le ;   and  a ramjet c y c l e   t h a t   c a n  
a l so   be   used  as a f u l l   f l o w   ( t u r b o j e t   c o r e  and fan   bypass   f low)   th rus t -  
augmented  turbofan  cycle .   These  four   thermal   cycles  may receive f u e l   i n   a n y  
combinat ion  permit t ing  high  engine  performance  over  a f l i g h t   p r o f i l e   f r o m  sea 
level t akeof f   t o  Mach 6 a t  100,000 f t   a l t i t u d e .  

The engine a i r  in l e t   and   duc t   sys t em is based on a f ive- ramp  var iab le  
i n l e t '   s y s t e m   w i t h   a c t u a t o r s   t o   p r o v i d e  ramp movement f rom  fu l ly   c losed   (upper  
RH f igure)   for   rocke t -powered   and   re -en t ry   f l igh t ,   to   fu l ly   open   ( lower  RH 
f i g u r e )   f o r   t a k e o f f   o p e r a t i o n .  

The i n l e t  area w a s  determined by t h e   e n g i n e   a i r f l o w   r e q u i r e d  a t  t h e  Mach 6 
des ign   po in t .   The   conf igura t ion   requi red  1 . 4 ~ 1 0 ~  pounds t h r u s t  a t  t h e  Mach 6 
condi t ion  and a t  least 1.2~10~ pounds f o r   t a k e o f f .   T h i s   r e s u l t e d  i n  a n   i n l e t  
area of  approximately 1200 f t 2   o r  120 f t 2 / e n g i n e   f o r  a 10-engine   conf igura t ion .  
I n   o r d e r   t o   p r o v i d e   p r e s s u r e   r e c o v e r y   w i t h  minimum s p i l l a g e   d r a g   o v e r   t h e   w i d e  
range  of Mach numbers, a v a r i a b l e  multi-ramp i n l e t  is  r e q u i r e d .   I n l e t   p r e s s u r e  
r ecove ry   e f f i c i ency  vs. v e l o c i t y  is  p l o t t e d  on Figure  A-7. H ighe r   r ecove r i e s  
are p o s s i b l e   f o r   t h e  HTO v e h i c l e   t h a n   f o r  military a i rc raf t  which  must  operate 
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d u r i n g  more v i o l e n t  maneuvers.  However, the   p ressure   recovery   mus t  still pro- 
v i d e  a marg in   wh ich   p reven t s   i n l e t   i n s t ab i l i t y   and   poss ib l e   eng ine   f l ameou t  
f rom  expuls ion   of   the   normal   shock   dur ing   t rans ien ts .  

Es t ima ted .   eng ine   t h rus t   ( t o t a l  o f   10   engines)   versus   ve loc i ty  i s  given 
in Figure A-8. I n i t i a l l y ,  a c o n s t a n t   t h r u s t   o f  1.4 m i l l i o n  pounds  of   thrust  
was assumed f o r   t h e  Rockwell   modif ied  Rutowski   energy  method  t ra jectory  analysis  
(dashed  curve of Figure  A-8). A t en ta t ive   a i rb rea the r   eng ine   pe r fo rmance  map 
was est imated  f rom  engine  data   sources   previously  descr ibed.   Subsequent   anal-  
yses   p roduced   the   engine   th rus t   versus  Mach number estimate shown by the upper 
s o l i d   c u r v e  of Figure A-8. 

FREE-STREAM  MACH  NUMBER 

Figure   A -7 .  A i r  I n d u c t i o n  
S y s t e m   P e r f o r m a n c e  

3,000,000 1 

= 2 P 0 0 . 0 0 0 c  m 
d 

CURRENT 
THRUST - 

I- 

a \ 

1,000,000 PREVIOUSLY ASSUMED' 
CONSTANT  THRUST 

500,000 

0 
0 1 2 3 4 5 6 7  

MACH  NUMBER 

F i g u r e  A - 8 .  A i r b r e a t h e r   T h r u s t  
V e r s u s  Mach  Number 

Major  engine  companies were con tac t ed   t o   ob ta in   a s s i s t ance   i n   advanced  
c y c l e   a n a l y s i s  and to   ob ta in   t he   r e su l t s   o f   any   s tud ie s   wh ich   i nves t iga t ed  
th i s   ope ra t ing   r eg ime .  Data from a P r a t t  and  Whitney repor t   (Reference  1) 
on an  advanced  hydrogen  burning  engine-,   the SWAT 201 tu rbofan  ramjet, were 
evaluated  and  scaled up t o   t h e   s i z e   r e q u i r e d .  However, th i s   engine ,   which  
uses  a bypass valve t o   c l o s e   o f f   t h e   e n g i n e   c o r e   a b o v e  Mach 3.1 and o p e r a t e s  
t h e   a f t e r b u r n e r  as a ramjet a t  h igher   speeds ,   d id   no t   p rovide  a good  match of  
t h rus t   r equ i r emen t s   ove r   t he   r equ i r ed   ope ra t ing   r ange .   A l so   because   o f   t he  
h igh   compress ion- ra t io   des ign ,   the   engine   th rus t - to-weight   ra t io  (T/W) w a s  
i n  the   range   of  4.5 t o  5.5 f o r  an ins ta l led   sys tem.   S ingle-s tage- to-orb i t  
l a u n c h   v e h i c l e   a n a l y s i s  showed t h a t  a T/W of a t  least 8 would  be  necessary 
t o  meet the   vehic le   payload   requi rements .  From Aerojet ,   (Reference 2)  d a t a  
were obta ined  on an a i r  turborocket  concept  which  provides a p o t e n t i a l   f o r  
mee t ing   t he   r equ i r ed  T/W va lues   whi le   p rovid ing  a b e t t e r   m a t c h   o f   t h r u s t  
requi red  a t  t akeof f ,   t r anson ic   and   supe r son ic   cond i t ions .  A modif ica t ion   of  
this c y c l e  w a s  devised  by  Rockwell t o   b e s t  match t h e  SST0 requirements .   This  
eng ine   ope ra t e s  as an  augmented  turbofan  for  takeoff,  a tu rbofan   fo r   h igh -  
e f f i c i e n c y   c r u i s e ,  an augmented  turbofan  for   accelerat ion,   and as a ramjet 
above Mach 3 .  
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The engine  components  include a ro t a ry   vane   a s sembly   t o   c lo se   o f f   t he  
compressor-turbine ass.embly a t  h ighe r  Mach numbers.  The  use  of LH2 f u e l   p e r -  
mits the   u se   o f  a Rankine-cycle a i r  turboexchanger   concept   to   provide power 
for   the   bypass   fan .   This   a l lows   e l imina t ion   of   approximate ly   one-ha l f   o f   the  
normal   tu rbofan   compressor   s tages   normal ly   needed   for   fan   d r ive .   Heat ing   of  
t h e  LH, i n  o u t e r  walls and n o z z l e   p l u g   o f   t u b u l a r   c o n s t r u c t i o n ,   i n   a d d i t i o n  
to prov id ing   f an   d r ive  power,   permits   s toichiometr ic   combust ion  in   the  aug-  
mentorl ramjet  by cooling  of  exposed  surfaces.  The 5500-degree  combustion 
tempera ture   p rovides   h igh   cyc le   e f f ic iency .   Dur ing  ramjet mode ope ra t ion ,  
t h e   f a n  i s  allowed  to  windmill   and is cooled by flow  of LH2 th rough   t he   f an  
guide  vanes.  

The scope   o f   t h i s   s tudy   d id   no t   pe rmi t  a de ta i l ed   eva lua t ion   o f   eng ine  
components t o   p r o v i d e   f u r t h e r ,  more accu ra t e   ca l cu la t ion   o f   t he   pe r fo rmance  
capab i l i t y   o f   t h i s   eng ine   concep t .   Eng ine   manufac tu re r s  are bes t   equipped   to  
f u r t h e r   r e f i n e   t h e   d e s i g n  and  provide real d a t a  o n   c o n c e p t   f e a s i b i l i t y  and 
system  weight .  

For   p re l iminary   es t imat ion   of   a i rbrea th ing   propuls ion   sys tem  s ize   requi re -  
ment, a computer  program was deve loped   fo r   t he  H e w l e t t  Packard  computer. A 
flow  diagram  of  this  program is shown i n   F i g u r e  A-9. 

FREESTREAM  CONDJTIONS (OD) 
BODY WEDGE ANGLE 
THRUST  REDUIREO 

COMPUTES: 

, 
USING Hz/AIR 
COMBUSTION  PROOUCTS 
ATSTOICHIOMETRIC, ISPIDEAL AND 'SPACTUAL 

CONDITIONS AT NOZZLE EXIT (9 )  
ALSO:  WAIR AND WH 

2 

COMPUTES: REQUIRED EXPANSION 
R A T I O 4  AND NOZZLE 
AREAS I 

Figure   A-9 .   Computer  Program F l o w  Diagram for A i r b r e a t h e r  
P r o p u l s i a n  System S i z i n g  

A computer  program  which  has  the  capability  of  computing  performance of 
mixed-cycle   engines   including J P  and LH2 f u e l ,  as well as t h e  a i r  turbo- 
exchanger   cycle  was obtained  from  the Los  Angeles  Division  of  Rockwell  (Refer- 
ence 3 ) .  This  program w a s  developed  under NASA c o n t r a c t   i n  1966 and i s  
cur ren t ly   u sed  by LAD fo r   ca l cu la t ion   o f   JP - fue led   t u rbo je t   and   t u rbo fan  
e n g i n e   d a t a   f o r   a d v a n c e d   a i r c r a f t .  
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I n   o r d e r   t o  maximize the p a y l o a d   b o o s t e d   t o   o r b i t ,  an o p t i m i z a t i o n  tech- 
n ique  is requ i r ed   t a   de f ine   t he   p rope r   eng ine   s equenc ing   ove r  the f l i g h t  
t r a j e c t o r y .  

A. 4 AERODYNAMIC CWCTERISTICS 

The selected  wing  shape is a s u p e r c r i t i c a l  Whitcomb a i r f o i l   w i t h  a rela- 
t i v e l y   b l u n t   l e a d i n g   e d g e ,  f l a t  upper   sur faces   and   cambered   t ra i l ing   edges .  
The t ra i l ing-edge   camber   and   the   t r i -de l ta   shape  minimize t r a n s l a t i o n   o f   t h e  
c e n t e r   o f   p r e s s u r e   t h r o u g h o u t ,   t h e   f l i g h t  Mach number  regime. The b lunt   l ead-  
i n g   e d g e   o f f e r s  good s u b s o n i c   c h a r a c t e r i s t i c s ,   b u t   p r o d u c e s   r e l a t i v e l y   h i g h  
supersonic  wave d rag ;   t he re fo re ,   fu r the r   shape   and   r e f inemen t s  are requi red .  
The  wing  has a spanwise   t h i ckness   d i s t r ibu t ion   o f  10 percent  a t  t h e   r o o t ,  
6 percent  near  midspan,  and 5 percent  a t  t h e   t i p ,   p r o v i d i n g  a l a r g e   i n t e r i o r  
volume f o r   s t o r a g e   o f   f u e l .  

Aerodynamic c o e f f i c i e n t s  (CL, CD, C.P.) were c a l c u l a t e d   u s i n g   t h e   F l e x i b l e  
Uni f ied   Dis t r ibu ted   Panel   p rogram FA-475, which w a s  developed  by  the LAD.Aero- 
dynamic  group.  Because  the  governing  equation is  l i n e a r ,   s i n g u l a r   b e h a v i o r   o f  
t h e   l i n e a r   e q u a t i o n   a n d   n o n l i n e a r i t y   n e a r  M = 1 .0  p rec lude   t he   t r anson ic   so lu -  
t i o n s .  Also, t h e   h y p e r s o n i c   s o l u t i o n   c a n n o t   b e   c a l c u l a t e d   w i t h   t h i s   t h e o r y  
d u e   t o   t h e   i n t r o d u c t i o n  o f  n o n l i n e a r  terms. However,  aerodynamic c o e f f i c i e n t s  
computed a t  M, 5.0 can   be   f rozen   and   can   be   used   for   hypersonic   appl ica t ion .  
V i scous   d rag   due   t o   t he   sk in   f r i c t ion  is  not  computed by t h i s  program.  This 
e f f e c t  was added i n  a s e p a r a t e   a n a l y s i s .  The r e su l t i ng   ae rodynamic   coe f f i c i en t s  
are p l o t t e d   v e r s u s   f l i g h t  Mach number i n   F i g u r e  A-10. 
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LIFT COEFFICIENTS DRAG  COEFFICIENTS 

12.0 

C.?JQEF 

C.P.  MEASURED FROM WING ROOT LEADING EDGE 
CREF IS WING ROOT  CHORD 

0 1 2 3 4 5 6 7 
MACH NUMBER M- 

Figure A-10. A e r o d y n a m i c   C o e f f i c i e n t s  
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Maximum l i f t / d r a g  and corresponding l i f t  c o e f f i c i e n t s  and a n g l e  of a t t a c k  
versus  Mach number are given i n  F igure  A-11. 

Subsonic: (L/D),ax Q - 16.0 a t  a Q - 1.0,  CL 2 0.22 

Supersonic:  (L/D),ax  from 5.4  t o  4.0 a t  4.5" " < a < 6.2" 

Hypersonic:   For  airbreather-OFF,  rocket  only (L/D) Q 3 . 4  max - 

Figure A-11 . Maximum L i f t / D r a g  

The wing  bending moments are based  on  the  fol lowing  data:  

D i f f e r e n t i a l   p r e s s u r e   d i s t r i b u t i o n s  computed  by  the  Unified 
Dis t r ibu ted   Panel   Program 

x = 10" 

2 g loading  on  wing 

GLOW = 4 X 1 O 6  lb 

L i f t  f o r c e  (LF) and  bending moment (BM) a t  the   wing   roo t   for   the   above  con- 
d i t i o n s   a r e  shown i n   t h e   f o l l o w i n g   t a b u l a t i o n .  
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A. 5 FLIGHT  MECHANICS 

The ma jo r i ty   o f   t he   a scen t   pe r fo rmance   ana lys i s   fo r   t he  SSTO v e h i c l e  con- 
c e p t  w a s  accomplished  using a r ecen t ly   deve loped   l i f t i ng   a scen t   p rog ram  based  
on a modified  Rutowski  Energy Method (Ikawa Method).   This  technique  accurate- 
l y  estimated  payload  and  propellant  performance;  however,  i t  d i d   n o t   p r o v i d e  
a b o n a   f i d e   i n t e g r a t e d  time h i s t o r y   o f   t r a j e c t o r y  state f r o m   l i f t o f f   t o   o r b i t  
i n s e r t i o n .  A second  computer  program,  the  Two-Dimensional  Trajectory  Program 
(TDTP), w a s  t hen   u sed   t o  compute t h e   a s c e n t   t r a j e c t o r y   t i m e l i n e .  

I n   o r d e r   t o  do a n  end-to-end s imula t ion  of t h e  SSTO (i .e. ,  a i r b r e a t h e r  
h o r i z o n t a l   t a k e o f f ,   c l i m b ,   c r u i s e ,   t u r n ,   a i r b r e a t h e r   a s c e n t ,   r o c k e t   a s c e n t ,  
c o a s t ,   a n d   f i n a l   o r b i t   i n s e r t i o n )   w i t h   f l i g h t   o p t i m i z a t i o n   i n c l u d i n g   a e r o -  
dynamic e f f e c t s ,  Rockwell   acquired  the  Langley POST computer  program  (program 
to   op t imize   s imula t ed   t r a j ec to r i e s ,   deve loped  by  Martin-Marietta) . POST was 
i n s t a l l e d  on t h e  CDC system a t  Rockwell  and several launch  cases were executed. 

The SSTO u s e s   a i r c r a f t - t y p e   f l i g h t  from a i rpo r t   t akeof f   t o   app rox ima te ly  
Mach 6 ,  w i t h  a p a r a l l e l   b u r n   t r a n s i t i o n   o f   a i r b r e a t h e r   a n d   r o c k e t   e n g i n e s   f r o m  
Mach 6 t o  7 . 2 ,  and  rocket-only  burn  from Mach 7 . 2  t o   o r b i t .   F i g u r e  A-12 
i l l u s t r a t e s  a nominal   t ra jec tory   f rom KSC t o  300-nmi e a r t h   e q u a t o r i a l   o r b i t .  
Pr ime  e lements   o f   the   t ra jec tory  are: 

Runway takeoff   under   high-pass   turbofan/air turbo  exchanger  (ATE)/ 
ramjet  power,   with  the ramjets a c t i n g  as supe rcha rged   a f t e rbu rne r s  

Je t t i son   and   parachute   recovery   o f   l aunch   gear  

Climb t o  optimum c r u i s e   a l t i t u d e   w i t h   t u r b o f a n  power 

Cruise  a t  optimum a l t i t u d e ,  Mach number,  and d i r e c t i o n   v e c t o r   t o  
ea r th ' s   equa to r i a l   p l ane ,   u s ing   t u rbo fan  power 

Execute a l a r g e - r a d i u s   t u r n   i n t o   t h e   e q u a t o r i a l   p l a n e   w i t h   t u r b o f a n  
power 

Perform  an optimum pi tch-over   in to  a near ly   constant-energy  (shal low 
y-angle)   dive if necessary,   and accelerate th rough   t he   t r anson ic  
reg ion   to   approximate ly  Mach 1.2,  using  turbofanlramjet   (supercharged 
a f t e r b u r n e r )  power 

Execute a long-radius optimum  pitch-up t o   a n  optimum supersonic  
c l imb  f l ight   path,   us ing  turbofan/ATE/ramjet   power 

Climb to  approximately 29 km (95 k f t )   a l t i t u d e ,   a n d  1900 m / s  (6200 f p s )  
v e l o c i t y ,  a t  optimum f l i g h t   p a t h   a n g l e   a n d   v e l o c i t y ,   u s i n g   p r o p o r t i o n a l  
fue l - f low  th ro t t l i ng   f rom  tu rbofan /ATE/ ramje t ,   o r   fu l l  ramjet, as re- 
q u i r e d   t o  maximize t o t a l   e n e r g y   a c q u i r e d   p e r   u n i t  mass o f   f u e l  consumed 
as f u n c t i o n   o f   v e l o c i t y   a n d   a l t i t u d e  
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TURN  INTO 
EOUATORIAL 

1.0 a CLIMB 10 

Figure A-12. SST0 Trajectory 

Shut down a i rb rea the r   eng ines   wh i l e  closing a i r b r e a t h e r   i n l e t  ramps 

Continue  rocket  power a t  f u l l   t h r u s t  

I n s e r t   i n t o  an e q u a t o r i a l  e l l i p t i c a l  o r b i t  91x556 km (50x300 nmi) 
a long   an  optimum l i f t / d r a g / t h r u s t   f l i g h t   p r o f i l e  

Shut down rocket   engines   and  execute  a Hohmann t r a n s f e r   t o  556 km 
(300 nmi) 

C i r c u l a r i z e  Hohmann t r a n s f e r  

The r e - e n t r y   t r a j e c t o r y  is c h a r a c t e r i z e d  by  low gamma ( f l i g h t   p a t h   a n g l e )  
h i g h   a l p h a   ( a n g l e   o f   a t t a c k )   s i m i l a r   t o   S h u t t l e .  The main   re -en t ry   t ra jec tory  
elements are: 

P e r f o r m   d e l t a   v e l o c i t y  (AV) maneuver  and i n s e r t   i n t o   a n   e q u a t o r i a l  
e l l i p t i c a l   o r b i t  91x556 km (50x300 nmi) 

Perform a low-gamma, h igh-a lpha   dece lera t ion   to   approximate ly  Mach 6.0 

Reduce a l p h a   t o  maximum l i f t / d r a g  (L/D) fo r   h igh -ve loc i ty   g l ide   and  
cross-range  maneuvers  to  subsonic  velocity  (approximately Mach 0.85) 
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- Open inlets and start a i r b r e a t h e r   e n g i n e s  as r e q u i r e d  

Perform  powered f l i g h t   t o   l a n d i n g   f i e l d ,   l a n d  on  runway,  and taxi 
t o  dock 

Flyback  fuel   requirements   include  approximately 300 nmi  subsonic   cruise   and 
two landing  approach  maneuvers   ( f i rs t   approach  waveoff   with  f lyaround  for  
second  approach). 

Typica l  Isp c h a r a c t e r i s t i c s  of &/rocket   engine  system are: 

Subsonic  range - Linear   reduct ion  of Isp from  9700 t o  4000 sec a t  
1200 f p s  

Supersonic  range - Reduction  of Isp from  4000 sec a t  1200  fps   to  
3500 sec a t  55600 f p s  (AB) 

Rocket - ISp - 455 sec 

The a i r b r e a t h e r   c r u i s e  mode, which r e s u l t s   i n   a n   e c o n o m i c a l   o r b i t   p l a n e  
change  from  the  launch s i t e  t o   t h e   e q u a t o r i a l   o r b i t ,  was analyzed. The esti- 
mated fue l   r equ i r emen t s  t o  c r u i s e  1000 s t a t u t e  miles down-range f o r   a l t e r n a t e  
propuls ion modes are given  below. 

V A l t i t u d e  A t  AWF 
( f t / s e c )  (k-f t ) .  - ( sed  (Ib) Engine 

800 20 6600 72,000 Turbofan Jet  

6000 85 880  386,000 R a m j e t  

Al though  subsonic   c ru ise   t akes  a longer  t i m e  (110 minu tes ) ,   t he  amount o f   f u e l  
consumed i s  s u b s t a n t i a l l y  less when the   o rb i t a l   p l ane   change  i s  accomplished 
wi th   subson ic   c ru i se  a t  maximum L/D. 

A t r a n s i t i o n  maneuver  from h i g h - l i f t   c o n f i g u r a t i o n   t o  (L/D)max configura- 
t i o n  is p e r f o r m e d   s h o r t l y   a f t e r   l i f t o f f   ( b e g i n n i n g  a t  3000 f t   a l t i t u d e ) .  The 
maximum angle  of a t t a c k   o f  13 degrees  is reduced   g radua l ly   t o  1 degree   fo r  
subsonic  (L/D),, c l imb   conf igu ra t ion .  

V e l o c i t y   a n d . a n g l e   o f   a t t a c k  vs f l i g h t  time i n d i c a t e   t h e  t i m e  r e q u i r e d   t o  
reach 300 nmi o r b i t   ( n o t   i n c l u d i n g   s u b s o n i c   c r u i s e   l e g )  varies from  1800 t o  
2300 sec, depending  upon (W/S)o, (T/W) , and   eng ine   ope ra t iona l  mode. 

V a r i a t i o n   i n   l o a d   f a c t o r ,   a l t i t u d e ,  and  dynamic p r e s s u r e   w i t h   r e s p e c t   t o  
v e l o c i t y   a n d  time dur ing   supe r son ic   a scen t  show a maximum l o a d   a c c e l e r a t i o n  
less than  2.3 g. Maximum dynamic p r e s s u r e  is 940 psf ,   which  is  wi th in   l oad  
l i m i t s .  From t akeof f   t o   bu rnou t ,   t he   a scen t   p ro f i l e  is  q u i t e   s h a l l o w  - w i t h  
f l i gh t   pa th   ang le   r ang ing   be tween  -0.7 and 4.5 degrees.  

Ascen t   and   descen t   t r a j ec to r i e s   o f   t he  SST0 and  the   Space   Shut t le   miss ions  
are compared i n   F i g u r e  A-13. Because  the  performance  of   a i rbreathing  engines  
and  aerodynamic l i f t i n g   o f  winged  vehicle  depend  on  the  high  dynamic  pressure,  
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Figure A - 1 3 .  Ascent and Descent  Trajectory  Comparisons 

t h e  SSTO f l i e s  a t  much l o w e r   a l t i t u d e   d u r i n g   t h e  powered  c l imb  than  the  ver t i -  
ca l  a s c e n t   t r a j e c t o r y  of t h e   S p a c e   S h u t t l e   f o r  a g i v e n   f l i g h t   v e l o c i t y .   L i g h t  
wing  loading  of   the SSTO c o n t r i b u t e s  to  t h e   r a p i d   d e c e l e r a t i o n   d u r i n g   d e o r b i t .  

The t o t a l   e n t h a l p y   f l u x   h i s t o r i e s   w h i c h   i n d i c a t e   t h e   s e v e r i t y  of expected 
aerodynamic  heat ing are shown i n   F i g u r e  A-13. A s  expected,  the  aerodynamic 
h e a t i n g   o f   a s c e n t   t r a j e c t o r y  may des ign   t he  SSTO  TPS requirement.  The maximum 
t o t a l   e n t h a l p y   f l u x   o f  6000 B t u / f t 2 - s e c  i s  e s t ima ted   nea r   t he   end   o f   a i rb rea the r  
power   c l imb  t ra jec tory .   Except   in   the   v ic in i ty   o f   vehic le   nose ,   wing   lead ing  
edge, or s t r u c t u r a l   p r o t u b e r a n c e s ,   w h e r e   i n t e r f e r e n c e   h e a t i n g  may e x i s t ,  most 
o f   t h e   a s c e n t   h e a t i n g  is  from t h e   f r i c t i o n a l   f l o w   h e a t i n g  on t h e   r e l a t i v e l y  
smooth f l a t   s u r f a c e .  

The descen t   hea t ing  i s  mainly  produced by the  compressive  f low  on  the  vehi-  
c le  windward sur face   dur ing   the   h igh-angle-of -a t tack   re -en t ry ,   and  i s  expected 
to   be   cons ide rab ly  lower than   the   Space   Shut t le   re -en t ry   hea t ing .  

Weight i n   o r b i t  is summarized i n   T a b l e  A-1. The data e n t r i e s   i d e n t i f i e d  
b y   a n   a s t e r i s k  are r ev i sed   r e fe rence   veh ic l e   da t a   r e su l t i ng . f rom  Rockwel l   and  
NASA/MSFC da ta   exchange   i n  May 1 9 7 8 .   C a l c u l a t i o n s   r e f l e c t   a d d i t i o n a l   f u e l  
reserves, performance losses and a 10-pe rcen t   g rowth   f ac to r .   I ne r t   we igh t   i n  
o r b i t  was inc reased   f rom  694 ,510   l b   t o  775,800 l b  and a i r b r e a t h e r   e n g i n e   t h r u s t  
of 1 . 4 X 1 O 6  l b   c o n s t a n t  was r e v i s e d   t o  ref lect  i n c r e a s e   i n   a i r b r e a t h e r   t h r u s t  
p o t e n t i a l  shown i n  F igure  A-8. 
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T a b l e  A - 1 .  SSTO Weight  in Orbit Summary 
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A . 6  AERODYNAMIC AND STRUCTURAL  HEATING 

Pre l iminary   aerodynamic   hea t ing   eva lua t ion   of   the  SSTO c o n f i g u r a t i o n  was 
performed f o r  several wing  spanwise  s ta t ions  and  the  fuselage  center l ine.  

For   the   wing   lower   sur faces ,   hea t ing  rates were computed i n c l u d i n g   t h e  
chordwise   va r i a t ion   o f   l oca l   f l ow  p rope r t i e s .   E f fec t s   o f   l ead ing   edge   shock  
and   angle   o f   a t tack  were i n c l u d e d   i n   t h e   l o c a l   f l o w   p r o p e r t y   e v a l u a t i o n .  
Leading   edge   s tagnat ion   hea t ing  rates were based  on  the  f low  condi t ions  normal  
to   t he   l ead ing   edge   neg lec t ing   c ros s - f low  e f f ec t s .  A l l  computations were per- 
formed  using  ideal  gas  thermodynamic  properties.  

Wing upper -sur face   hea t ing  rates were computed using  f ree-s t ream  f low 
p r o p e r t i e s ,  i . e . ,  neg lec t ing   chordwise   va r i a t ions   o f   f l ow  p rope r t i e s .   Hea t ing  
rates were computed f o r  several p r e s c r i b e d  wall temperatures  as w e l l  as t h e  
r e r a d i a t i o n   e q u i l i b r i u m  wall  tempera ture   condi t ion .   Trans i t ion   f rom  laminar  
to t u rbu len t   f l ow was taken  into  account   in   the  computat ions.   Wing/body  and 
i n l e t   i n t e r f e r e n c e   h e a t i n g   e f f e c t s  were n o t   i n c l u d e d   i n   t h i s   p r e l i m i n a r y  
a n a l y s i s .  The a n a l y s i s  w a s  l i m i t e d   t o   t h e ,   a s c e n t   t r a j e c t o r y ,   s i n c e   t h e   d e s c e n t  
t r a j e c t o r y  i s  thermodynamically less severe. 

These paramet r ica l ly   genera ted   aerodynamic   hea t ing  rate d a t a  were used 
f o r   t h e r m a l   a n a l y s i s   o f  the va r ious   cand ida te   i n su la t ion   sys t ems .   Rad ia t ion  
equ i l ib r ium  t empera tu res   fo r   emis s iv i ty ,  E = 0.85, are based on: 
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Leading   edge   s tagnat ion   hea t ing  rates peak a t  M = 16.4, 
a l t  - 196,000 f t  

Upper wing  surface  uniform s ta t ic  pressure  assumed,   temperatures  
peak a t  M = 6 . 4 ,  a l t  = 86,500 f t  

Lower wing   su r f ace   hea t ing  rates and  temperatures  peak a t  M = 7.9, 
a l t  = 116,000 f t  

Loca l   f low  proper ty   var ia t ion ,   angle  of a t tack,   and  leading-edge 
s h o c k   e f f e c t s  are included 

I n l e t   i n t e r f e r e n c e   e f f e c t s  were not   inc luded  

I so the rms   o f   t he   peak   su r f ace   t empera tu res   fo r   uppe r   and   l ower   su r f aces  
( e x c l u d i n g   e n g i n e   i n l e t   i n t e r f e r e n c e   e f f e c t s )   f o r   t h e  SSTO and   Orbi te r  are 
shown i n   F i g u r e  A-14. Leading  edge  and  upper  wing  surface  temperatures  have 
similar p r o f i l e s .  The SSTO lower-surface temperatures are from 400°F t o  600°F 
lower  than the o rb i t e r   due   t o   l ower   r e - en t ry   w ing   l oad ing  (23 ver sus  67 psf). 

SSTO 
LOWER  SURFACE - 1 - UPPER  SURFACE 

3 m Q F  

440 
1 I24a 

ORBITER-TRAJECTORY 
UPPER SURFACE - 1- LOWER SURFACE 

1. - ..\ \ 

Figure A-14. Isotherms of Peak Surface Temperatures During Ascent 

S t r u c t u r a l   h e a t i n g   a n a l y s e s   i n c l u d e :   ( a )   t y p i c a l   v a r i a t i o n s  of  h e a t   l e a k  
rate (BTU/ft2-hr)  and t o t a l   h e a t   f l u .  (BTU/ft2) as a f u n c t i o n  of HRSI t i l e  
t h i c k n e s s   f o r   t y p i c a l  LH2 upper   and  lower  wing  tank  surface  locat ions;  (b) v a r i -  
a t ion   o f   bond l ine   t empera tu res   ve r sus  t i l e  maximum t e m p e r a t u r e   t o   t h i c k n e s s   r a t i o  
f o r  RSI t i l e  i n s u l a t i o n ,   i n c l u d i n g   b o n d l i n e   t e m p e r a t u r e s   f o r   t h e   d r y ,   w i n g t i p  
u l l age   t ank ,  the wetted  lower  surface  of   the LH2 tank,   and  the  dry  upper   surface 
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of the LH2 tank;  and (c) typical  thermal  response  as a function  of  launch 
trajectory  exposure  time  of  the  insulation  system. 

Figure  A-15  shows HRSI tile  thickness  profiles  for  Pondline  temperatures 
of  350'F. Preliminary  data  indicate  that  the  titanium  aluminide  system  des- 
cribed  in  the TPS section of this  report  may  be  lighter  than  the RSI tile  for 
the SSTO TPS  system  due  to  the  low  average  temperature  (lOOO°F  to 1600'F) 
profiles  occurring  over 80 and  85  percent  of  the  vehicle  exterior  surface. 

LOWER  SURFACE 

ULLAGE 

UPPER SURFACE 

ULLAGE 

7GT-l 

F i g u r e  A-15. HRSI T i l e  Thickness C o n t o u r s  
f o r  350'F Bondline T e m p e r a t u r e  

A . 7  THERMAL  PROTECTION  SYSTEM 

Ceramic  coated R S I  tile,used  on  Shuttle,  and  metallic  truss  core  sandwich 
structure,  developed  for  the B-1 bomber,  were  investigated  as  potential  thermal 
protection  systems  for  the SSTO, Figure  A-5. 

The  radiative  surface  panel  consists  of  a  truss  core  sandwich  structure 
fabricated  by  superplastic/diffusion  bonding  process.  For  temperatures  up  to 
1500/1600'F,  the  concept  utilizes  an  alloy  based  on  the  titanium-aluminum 
systems  which  show  promise  for  high-temperature  applications  currently  being 
developed  by  the  Air  Force.  For  temperatures  higher  than  1500/1600°F,  it  is 
anticipated  that an  alloy  will  be  available  from  the  dispersion-strengthened 
superalloys  currently  being  developed  for  use  in gas turbine  engines.  Flexible 
supports  are  designed to accommodate  longitudinal  thermal  expansion  while 
retaining  sufficient  stiffness to transmit  surface  pressure  loads  to  the  primary 
structure.  Also  prominent  in  metallic  TPS  designs  are  expansion  joints  which 
must  absorb  longitudinal  thermal  growth  of  the  radiative.surface,  and  simulta- 
neuously  prevent  the  ingress  of  hot  boundary  layer  gases  to  the  panel  interior. 
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The i n s u l a t i o n   c o n s i s t s   o f   f l e x i b l e  thermal b l a n k e t s ,   o f t e n   e n c a p s u l a t e d   i n  
f o i l  material to   p reven t   mo i s tu re   abso rp t ion .  The i n s u l a t i o n   p r o t e c t s   t h e  
pr imary   load-car ry ing   s t ruc ture   f rom  the   h igh   ex terna l   t empera ture .  

Dur ing   the   pas t  two years ,   Rockwell   and  Prat t   and  Whitney  Aircraf t   have 
p a r t i c i p a t e d   i n   a n   A i r - F o r c e  Materials Laboratory  sponsored  program, F33615-75- 
C-1167, d i r ec t ed   t oward   t he   exp lo i t a t ion  of TisAl   base   a l loy   sys tems.  The 
t i t a n i u m   a l u m i n i d e   i n t e r m e t a l l i c  compounds based  on  the  composi t ions T i 3 A l  
6 2 2 )  and T U 1  (y) which  form  the  binary Ti-A1 a l loys   have   been  shown t o   h a v e  
attractive e leva ted- tempera ture   s t rength   and   h igh   modulus /dens i ty   ra t ios .  

Titanium  hardware of  complex conf igura t ions   have   been   deve loped ,   u t i l i z ing  
a process   which   combines   superp las t ic   forming   and   d i f fus ion   bonding  (SPF/DB). 
This   Rockwel l   p ropr ie ta ry   p rocess   has   p rofound  impl ica t ions   for   t i t an ium  fab-  
r i ca t ion   t echno logy ,  p e r  se. In  addi t ion,   the   unprecedented  low-cost   hardware 
i t - g e n e r a t e s   p r o m i s e s   t o   r e v o l u t i o n i z e   t h e   d e s i g n   o f   a i r f r a m e   s t r u c t u r e .  The 
versati le na tu re   o f   t he   p rocess  may be shown  by t h e   n a t u r e   o f   t h e  complex  deep- 
drawn s t ruc ture   and   sandwich   s t ruc ture   wi th   var ious   core   conf igura t ions   which  
have  been  fabricated.   This  manufacturing  method  and  the  design  freedom i t  
a f f o r d s   o f f e r  a s o l u t i o n   t o   t h e   h i g h   c o s t   o f   a i r c r a f t   s t r u c t u r e .   M a n u f a c t u r i n g  
f e a s i b i l i t y   a n d   c o s t   a n d   w e i g h t   s a v i n g s   p o t e n t i a l   o f   t h e s e   p r o c e s s e s   h a v e   b e e n  
e s t ab l i shed   t h rough   bo th  IR&D e f f o r t s  a t  Rockwell  and A i r  Force   cont rac ts .  
These   s t ruc tu res  may be  used €or engine  cowling,   landing  gear   doors ,  etc. ,  i n  
a d d i t i o n   t o   p r o v i d i n g   m a j o r  TPS components. 

Unit  masses of  the  SST0  TPS concept ,   s ta te -of - the-ar t  TPS hardware  and 
advanced   thermal -s t ruc tura l   des igns  are compared w i t h   t h e   u n i t  mass o f   t he  
o r b i t e r  RSI i n  Figure A-16. The u n i t  mass of   t he  RSI inc ludes   the  t i l e s ,  t h e  
s t r a i n   i s o l a t o r   p a d ,   a n d   b o n d i n g  material. The hashed  region shown f o r   t h e  RSI 
mass is  i n d i c a t i v e   o f   i n s u l a t i o n   t h i c k n e s s   v a r i a t i o n s   n e c e s s a r y   t o   m a i n t a i n  
mold l i n e  ove r   t he   bo t tom  su r face   o f   t he   o rb i t e r .  The RSI is  requ i r ed   t o   p re -  
ven t   t he   p r imary   s t ruc tu re   t empera tu re   f rom  exceed ing  350'F.  The u n i t  masses 
of  t h e  metallic TPS are p l o t t e d  a t  the i r   co r re spond ing  maximum use  temperatures .  
The advanced  designs a re  seen   t o   be   compe t i t i ve   w i th   t he   d i r ec t ly  bonded  RSI. 

A. 8 STRUCTURAL AiULYSIS 

The m u l t i - c e l l  wing  tanks  provide a s t r u c t u r e  which is capable of  s u s t a i n -  
i ng   p re s su re   wh i l e ,  a t  t h e  same time, react ing  aerodynamic  loads.  The tanks  
are s i zed   based   on   u l l age   p re s su res   o f  32-34 p s i a  (LH2) and 22-22 p s i a  (LOX). 
Maximum wing  bending  occurs a t  about Mach 1.2.  The LH2 and LOX wing  tanks are 
the   ma jo r   l oad   pa th   fo r   r eac t ing   t hese   l oads .  The  wing a l s o   s u p p o r t s   t h e  air- 
breather   engine  system. 

The primary  wing  attachment is  t o   t h e   c a r g o   b a y   s t r u c t u r e .  The cargo  bay 
a f t   s e c t i o n , ,  i n  t u r n ,  is  connec ted   t o   t he  LH2 tank. The LH2 i n t e r c o n n e c t s   t h e  
ca rgo   bay ,   a f t   po r t ions   o f   t he   w ing ,   t he  ver t ical  su r face ,   and   t he   rocke t   eng ine  
t h r u s t   s t r u c t u r e .  

An u l t i m a t e   f a c t o r  of s a f e t y   o f  1-50 was u s e d   i n   t h e   a n a l y s i s .  The prime 
d r i v e r  in  t h e   s t r u c t u r a l   s i z i n g  of the   mul t i -ce l l   wing   tanks  is  the  bending 
moment r e su l t i ng   f rom air l o a d s - a t  Mach 1.2. The ne t   bend ing  moment on t h e  
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wing is  the   d i f f e rence   be tween   t he  l i f t  moment and t h e   r e l i e v i n g  moment due   t o  
LOX r e m a i n i n g   i n   t h e  wing. Trades were performed t o   d e t e r m i n e   t h e   s t r u c t u r a l  
w i n g   w e i g h t s   r e q u i r e d   t o   s u s t a i n  these bending moments p l u s   i n t e r n a l   p r e s s u r e .  
An in t e rmed ia t e   l oca t ion  was chosen   fo r  LOX p r o p e l l a n t   w h e r e   l i f t  moment -2 
times r e l i e v i n g  moment. Locat ing LOX o u t b o a r d   r e s u l t s  i n  a l o w e r   n e t   f l i g h t  
bending moment, b u t   t h e  c r i t i c a l  des ign   condi t ion   then  becomes prelaunch  under  
f u l l   p r o p e l l a n t   l o a d i n g .  To s u s t a i n   t h i s   p r e l a u n c h   b e n d i n g  moment, t h e  wing 
weight would b e  i n  excess   of  200,000 l b .  

The  wing LH;! tank w a s  d e s i g n e d   t o   s u s t a i n   t h e   l o a d s   f r o m   b o t h   i n t e r n a l  
p r e s s u r e  and  wing  bending. Al 2219-T87 was c h o s e n   f o r   t h e   t a n k  material on 
t h e   b a s i s   o f   h i g h   s t r e n g t h  a t  c ryogenic   t empera tures ,   f rac ture   toughness ,   and  
weldabi l i ty .   Loads  resul t ing  f rom  wing  bending moments are dominant i n   d e t e r -  
mining membrane thickness ,   which is based  on a maximum t a n k   u l l a g e   p r e s s u r e   o f  
34 p s i a ,  and an u l t i m a t e   f a c t o r   o f   s a f e t y   o f  1.50. F igure  A-17 shows material 
t h i c h e s s   v e r s u s  wing s t a t i o n   d u e   t o   p r e s s u r e  and  wing  bending.  The  column 
showing  bending  only relates t o  wing-bending  contr ibut ion,   not   an  unpressurized 
wing  design. 

The f u s e l a g e  LHz t ank  I s  t h e   p r i m a r y   l o a d   p a t h   f o r   r e a c t i n g   t o t a l   v e h i c l e  
mass i n e r t i a s   d u r i n g   t h e  max imum a c c e l e r a t i o n   c o n d i t i o n  (3.0 g).  Approximately 
27 percent  o f  t he   p rope l l an t   r ema ins  a t  t h a t  time. The t ank   has  a twin-cone 
"Siamese" conf igura t ion   which  is r e q u i r e d   i n   o r d e r   t o  f i t  i n   t h e   f u s e l a g e  a t  
maximum p r o p e l l a n t  volume.  The  forward  end  of  the  tank i s  c y l i n d r i c a l ,   w h i l e  
the a f t  end is c l o s e d   o u t  with a doub le   mod i f i ed   e l l i p so ida l  shell .  The  bulk- 
h e a d s . r e a c t   t h e  internal p r e s s u r e s   w h i l e   t h e   s i d e w a l l  carries pressure   and  
axial  compression  loads.  The bulkheads are monocoque c o n s t r u c t i o n   w h i l e   t h e  
s i d e w a l l  is an i n t e g r a l   s k i n - s t r i n g e r   w i t h   r i n g   f r a m e s   c o n s t r u c t i o n .  Tank 
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Figure A-17.  Material  Thickness  Versus Wing S t a t i o n  

configurat ion  and  bulkhead membrane and  sidewall   "smeared"  thickness  require- 
m e n t s   t o   s u s t a i n   t h e   i n t e r n a l   p r e s s u r e  and axial compression  loads  have  been 
de termined .   The   s t ruc tura l   des ign  of a l l  c ry0   tanks  is based on cryogenic  
temperature  material p r o p e r t i e s  and  allowables.  

A.9 MASS PROPERTIES 

SST0 mass p r o p e r t i e s  are dominated by t h e   t r i - d e l t a  wing s t r u c t u r e ,   t h e  
the rma l   p ro t ec t ion   sys t em  and   t he   a i rb rea the r  and rocket   p ropuls ion   sys tem.  
The i n i t i a l  r e f e r e n c e   v e h i c l e   d a t a ,  shown i n   T a b l e  A-2, were generated  by 
Rockwell   during  the  period  of December  1977 - January  1978.  These  data were 
reviewed by NASA MSFC/LaRC during  February  and March 1978,  r e s u l t i n g  im twe, 
extremes  of mass e s t i m a t e s .  A reassessment  by  Rockwell   during May produced 
t h e   f i n a l   r e f e r e n c e   v e h i c l e   d a t a .  The d a t a   p r e s e n t e d   i n   t h i s   r e p o r t  are con- 
s i d e r e d   t o   b e   r e a s o n a b l y   a c h i e v a b l e   t a r g e t s .  The technology items coded  on 
F igure  A - 1  r e q u i r e   s t u d y   i n   g r e a t e r   d e p t h  and  degree of s o p h i s t i c a t i o n  to 
confirm SST0 mass p rope r ty   da t a .  

A-2 2 



Table A - 2 .  SST0 Weight Sunnnary 
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APPENDIX B 

HLLV REFERENCE VEHICLE  TRAJECTORY 
AND TRADE STUDY  DATA 

B. 0 INTRODUCTION 

The r e f e r e n c e   h e a v y   l i f t   l a u n c h   v e h i c l e   t r a j e c t o r y   d a t a  and a summary of 
t he   va r ious   t r ade   s tud ie s   pe r fo rmed  are c o n t a i n e d   i n   t h i s   a p p e n d i x .  The 
several t r a d e   o p t i o n s   i n c l u d e :  

F i r s t   a n d  Second  Stage  Engine  Thrott l ing 

9 F i r s t   S t a g e   P r o p e l l a n t  Weight S e n s i t i v i t y  

Second S tage   P rope l l an t  Weight S e n s i t i v i t y  

Lif t -off   Thrust- to-Weight   Sensi t ivi ty  

A l t e r n a t e   F i r s t   S t a g e   P r o p e l l a n t s  (LOX/CHI+ and LOX/LHz) 

With t h e   e x c e p t i o n   o f   t h e   e n g i n e   t h r o t t l i n g   t r a d e s ,  a l l  t r a j e c t o r i e s  
assumed 100% t h r o t t l i n g  by t h e   f i r s t   s t a g e   e n g i n e s  ( i .e. ,  second  s tage   engines  
o p e r a t e  a t  maximum th rus t   t h roughou t   t he  parallel  burn   ascent   phase)   in   o rder  
t o   s t a y   w i t h i n  maximum a l lowab le   l oad   f ac to r  and  dynamic  pressure.3 g and  650 
ps f   r e spec t ive ly .  

The e n g i n e   t h r o t t l i n g   s t u d y  shows l i t t l e  e f f e c t  on vehic le   payload   capabi l -  
i t y  when do ing   100%  o f   t he   t h ro t t l i ng   w i th   e i the r   s t age .  All in te rmedia te  
opt ions  ( i .e . ,  p a r t i a l   t h r o t t l i n g   o f   b o t h   s t a g e s )  shows a d e g r a d a t i o n   i n  pay- 
l o a d   c a p a b i l i t y .  

The f i r s t   s t a g e   p r o p e l l a n t   w e i g h t   s e n s i t i v i t y   a n a l y s e s  show an  improve- 
ment i n  glow/payload  weight   ra t io  (smaller) as f i r s t   s t a g e   p r o p e l l a n t   w e i g h t  
i s  i nc reased ,   however ,   t he   s t ag ing   ve loc i ty   exceeds   t he   capab i l i t y   o f  a h e a t  
s ink   boos t e r .  The   s econd   s t age   p rope l l an t   we igh t   s ens i t i v i ty   i nd ica t e s   an  
o p p o s i t e   e f f e c t   t o   t h e   f i r s t   s t a g e   d a t a .  

By combining   the   e f fec ts   o f   th ro t t l ing   o f   second  s tage   on ly   and   increas-  
i n g   f i r s t   s t a g e   p r o p e l l a n t   w e i g h t   c o u l d   r e s u l t   i n  a 10-15%  improvement over  
t h e   r e f e r e n c e  HLLV conf igura t ion .  

The alternate p r o p e l l a n t   t r a d e s ,  LOX/CHk and LOX/LHz, show 7% and 37% 
increased   per formance   over   the   re fe rence  HLLV conf igura t ion .  The LOX/LH2 
configuration,  however,  becomes  extremely  large  (volume)  and less c o s t  
e f f ec t ive   because   o f   hand l ing   and   p rope l l an t   cos t s .  The LOX/CHh b o o s t e r  
a p p e a r s   t o   b e  a v i a b l e   o p t i o n .  
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B . l  HLLV REFERENCE  VEHICLE  TRAJECTORY 

T h i s   s e c t i o n   c o n t a i n s   t h e   t a b u l a t e d   r e f e r e n c e   v e h i c l e   c h a r a c t e r i s t i c s  
and t r a j e c t o r y   d a t a .  The nominal   and  abort  modes [once  around  and  second 
s t a g e   r e t u r n   t o   l a u n c h  si te (RTLS)] d a t a  are included.   Because  an  adaptat ion 
of t he   space   shu t t l e   t r anspor t a t ion   sys t em  sca l ing   p rog ram was u s e d ,   c e r t a i n  
veh ic l e   pa rame te r s  are l i s ted   under   headings   o f   "Externa l  Tank" and  "Solid 
Rocket  Booster." 

The f i r s t  two pages of t h e   t a b u l a t e d   d a t a  l i s t  t h e   p e r t i n e n t   g r o u n d   r u l e s  
and  assumptions  employed  in  making  the  computer  run. In  t h e  list of  "Vehicle 
C h a r a c t e r i s t i c s "   ( t h i r d   p a g e )  , t h e   s t r u c t u r e   w e i g h t   g i v e n  refers t o   t h e   b o o s t e r  
t o t a l   i n e r t   . w e i g h t   p l u s   r e s i d u a l s   a n d  reserves but   exc lus ive   o f   f lyback   propel -  
l a n t .  The p rope l l an t   va lue   g iven  i s  t h e   t o t a l   u s a b l e   a s c e n t   p r o p e l l a n t   l o a d e d  
in t h e  first s t a g e  (i.e., i n c l u d e s   t h a t   p r o p e l l a n t   c r o s s f e e d   t o   t h e   s e c o n d  
s t a g e   d u r i n g  f irs t  s t a g e   b u r n ) .  

I n   t h e  summary weight statement (fourth  page) ,   the   "Orbi ter"   and  "External  
Tank" l i s t i n g s  refer to   second  s tage   weights .  The "External  Tank" va lues   apply  
to  main p ropu l s ion   r e s idua l s   and  reserves. The t o t a l   u s a b l e   p r o p e l l a n t   ( E x t e r -  
n a l  Tank) is  t h e   t o t a l   p r o p e l l a n t   b u r n e d  in t he   s econd   s t age  ( i .e. ,  p r o p e l l a n t  
loaded  plus   crossfeed  f rom first s t a g e ) .  The u s a b l e  SRM p r o p e l l a n t   l i s t i n g  i s  
t h e   t o t a l   p r o p e l l a n t   b u r n e d   t h r o u g h   t h e   f i r s t   s t a g e   e n g i n e s .  To de termine   the  
amount o f  c ros s feed   p rope l l an t ,   t he   u sab le  SRM p r o p e l l a n t  may b e   s u b t r a c t e d  
f r o m   t h e   t o t a l   p r o p e l l a n t   l o a d e d  in the   second  s tage   which  is  given  under 
V e h i c l e   C h a r a c t e r i s t i c s ,   t h i r d   p a g e   o f   d a t a .  

CRT p l o t s  of s i g n i f i c a n t  HLLV parameters  are inc luded   fo l lowing   the  
t a b u l a t e d   d a t a .  

The r e fe rence   veh ic l e   has  a g r o s s   l i f t o f f   w e i g h t  of 7 ,135 ,492  kg 
(15,731,068 lb) and a payload  capaci ty   of   231,195 kg (509,653 lb). 
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B.2 HLLV THROTTLING  STUDY 

T h i s   s e c t i o n   c o n t a i n s   t h e   r e s u l t s   o f   v a r i a t i o n s  i n  t h r o t t l i n g   p e r c e n t a g e  
between f i r s t  a n d   s e c o n d   s t a g e   e n g i n e s   t o   s t a y   w i t h i n   t h e  maximum l o a d   f a c t o r  
and   dynamic   p re s su re   cons t r a in t s ,  3 g and 650 PSF r e s p e c t i v e l y .  The propel -  
lant weight  consumed  by t h e   f i r s t  and   second  s tage   dur ing   ascent  was h e l d  
cons t an t   and   t he   amoun t   o f   c ros s feed   p rope l l an t   f rom  the   f i r s t   t o   s econd   s t age  
was a l l o w e d   t o   v a r y   a c c o r d i n g l y  ( i . e . ,  t he   s econd   s t age   p rope l l an t   l oaded  
weight was a l l o w e d   t o   v a r y ) .  An assessment  was made as t o   t h e   e f f e c t s  on 
p a y l o a d ,   s t a g i n g   v e l o c i t y   a n d  gross l i f t o f f   w e i g h t  (GLOW). A summary o f   t h e  
r e s u l t s  are t a b u l a t e d  i n  Table  B.2-1 a n d   v e h i c l e   c h a r a c t e r i s t i c s   a r e   i n c l u d e d  
i n   t h e   t a b u l a t e d   s h e e t s   f o r   e a c h  case. ( R e f e r   t o   S e c t i o n  B.l € o r   r e f e r e n c e .  
v e h i c l e   c h a r a c t e r i s t i c s . )  

Table 33.2-1. Engine Throttle .Trade  Summary 

CASE no. STAG I NG 1ST STAGE 
THROTTLE 0 VELOCITY  (FT/SEC) 

REF. CONFIG. 6978 100 

85 

6646 0 66 

6808 50 45 

6887 68 65 

6893 86 

~ ~~ 

As may be  seen from  Table B.2-1, a 2.8% dec rease   i n   pay load  is  r e a l i z e d  
when t h e   t h r o t t l e  l eve l  o f   t h e   f i r s t   s t a g e  is reduced  from 100% t o  50% w i t h  
a similar d e c r e a s e   i n   s t a g i n g   v e l o c i t y .  However, when t h r o t t l i n g  100% wi th  
t h e   s e c o n d   s t a g e ,   e s s e n t i a l l y   t h e  same pay load   capab i l i t y   a s   a f fo rded   by   t he  
r e f e r e n c e   c o n f i g u r a t i o n  was achieved a t  a s i g n i f i c a n t l y   l o w e r   s t a g i n g   v e l o c i t y  
(Case 66) .  
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V k T C L E  C H A R A C l t R ^ i - ~ l ~ ~ L ~ l N A L  MISSION) 
" 

CASE 85 

STAGE 1 2 
" "" ~ - . 

3 
"~ 

GROSS STAGt WEIGHT, (LM) 15733913.0  4Y2010B.O  4842005.0 

THRUST ACTUALvILB) 2C454048.0 4750000mO 4750000.0 

' 1SP VACUUH,(StC) 370.883 466.700 466.700 

Y R U C T U R E  I L 0  ) 1045488.9 0.0 809575.0 

___" - ____ - 

PROP ELLANT ( LB 1 9578 332.0 7M103.0 3431252.0 "___ ""_ ~ 

. . " ." - --  - .. - - - . "" __ " - 

.- PtiRF. FRAC.,(NU) 0.6088 0 00 159 0.7086 

P R ~ ~ ~ m F R A C .  t (NUB 1 0 -901 O 1. 0000 0.8091 

BURNOUT ALTITUD€t (FT)  

BURNOUT  RANGE t (NM 1 47.3 55.7 810.9 

lDEAL  VELOCITY,  (FT/SEC 1 10t88.8  11129.1  24646.4 

.. . "_ "" ". . ". " - --- " - -- -. " "" -- - 182 132. 3 147947.2 319657.5 

: PAYLUADp I L b )  5 0 5 b 5 2 . 0  - 



. 
I 
i 

SUMMARY WEIGH1 STATEMENT (NOMINAL  MISSION) C A U -  

ORBIT€R HEIGHT bREAKDOWN 
DRY WEIGHT 
Pt'fKLS-NmL- 3000.000 POUNDS 
RkSlDUALS 207G.GOO POUNDS 
RESERV€S 330C.000 POUNDS 

ACPS PROPELLANT  18280.000 PUUNDS 
LjMS PROPELLANT 

-PAycUAD--- 505852.000 POUNDS 
EALLAST FOR Cb CONTROL 0.0 POUNDS 
OMS INSTALLAT lON  K ITS  0 00 POUNDS 
PAYLOAD MUDS 0.0 POUNDS 

7 - __ "_ . "" - - " " 73100~.000 - _" " . . - " ." POUND . . b " ~ ~ " . " " " . " " . . .  

- LHT LOSSES 105G8 . r P m S  " 

" - "" 2?22!*-?!L r0uFlos ~ " 

TUTAL ~ N D  a w s T  (URBITEK ONLY) 1369335.00 POUNDS 
. _ .  ~ _ _  __ ". 

OMS BURNED DURING ASCENT 0.0 POUNDS 
ACPS  BURNED UURlNG  ASCtNT 0.0 POUNDS - 

EXTERNAL  MAIN TANK 
TANK DRY WEIGHT 

"" RESIDuA.~.-S "" ___ -r 2640 e000 POUNDS 
1 7 8 4 7 ~ 0 0 0  POUNDS 

-. ~ 

+5 
PKUPELLANT b I A S  ( 2640.000 1 POUNDS 
PRESSURANI ( 2120.000 1 POUNDS 

ENGINES ( 3650.000 ) POUNOS 
FLlGHI'  PFRFORMAKE RESERVE 20930.000 POUNDS 

, T A N K  AND L INES 9437.000 1 pomos 

. " ~ U N ~ U R R F D - P ~ ~ E L ~ ~ N T T M A * N ~ T A N K . ~ " " " " " ~ - . - " - " -  .. . - .. ._ " . 
0.0 POUN-DS" - 





ORBITER WEIGHT BKEAKDUWN 
DRY WEIGHT _ ~ ~ " - 7 ~ ~ l n L M I L ~ U u N C l S - "  
PtRSONNEL 3000.050 POUNDS 
R€SIDUALS 2070.000 POUNDS 
REStKVES 13" 
I N - f  L IGHT  LOSSES 1 C 6 1 0 o G L O  POUNDS 
ACPS PROPELLANT ltli180.000 POUNDS 

- OMS PROPELLANT 9 z ! 3 b * 8 1 2 P D u N D S  
PAY LOAD 49Yb37.000 POUNDS 
BALLAST FOR CG CONTRUL 0.0 POUNDS 
OMS I N S I A L L A l l O N  KI1S o -a P- 
PAYLOAD HODS 0.0 POUNDS 

__ - . . - . -. - - - . 

____ . 

EXTERNAL MAIN  1ANK 
- T m K  DRY WEJGhT 

Y 
Q\ PRUPf-LLANT B I A S  264O000(i 1 POUNDS 

A 4 Q  m iUO"JUlJNRS - _- 
RESIDUALS 

- - - .. - - . . - 

OI 
lt102G0000 POUNDS 

VKESSURANl t 2 1  7 ~ 0 0  I m m  
IANK ANU L lNES ( L61G.000 1 POUNDS 
tNG LNE S ( 3650.000 1 PO UNOS 

UNBURNtU PROPELLANT (MALN  TANK) 0.0 POUNDS 
'_ , .- FLIGHT PERFUHMANCE __ K E S t K V E  2!2Y5Lh~D.&Q..-P!JUNUS..- -- ...- -.-. 

T O l A L  t N D  BUUST f kXTEKNAL T A N K )  41590.000 POUNDS 
USABLE  YROPtLLANl (kXTEkNAL TANK) 5092633 .GO POUNDS 

" 



VFrHlCLE CHARAClkRISTlCS  (NOMINAL  MISSION) CASk 45 

PERF. FKACot(NU1 G . 6052 0.0164 0.7124 

PRUPELLANT FKAC.p(NUb)  0.9010 1 .oooo 0 .b 1co 



I" BURNED DURING A S C t N T  0.0 POUNDS 
ACPS BUHNtD UUHING A S C b N T  0.0 P L1 WLls .- 

S O L I D   R O C K E T  HOTOK ( F I R S T  S T A G L )  '9040548.00 POUNDS 
SkM C A S t  W E I G H T ( 2 )  10"a7PauNu"" 
SHM S T R U C T U R L  C RCVY ULILHT 0 .o POUhrUS 
SRM l N E R T   S T A G I N G  WEIbHT 104514&ktod7 POUNDS 

U S A R L C  SHM P R O P E L L A N T  7995G60,OO POUNDS 
~ " " ." "~ ... . ."._ - ... - . . ." ." .. .. 







B . 3  FIRST STAGE  PROPELLANT LOADING STUDY 

An a n a l y s i s   o f   t h e   e f f e c t s   o f   v a r y i n g   f i r s t   s t a g e   p r o p e l l a n t   l o a d i n g  was 
performed. The r e s u l t s  are summarized i n   T a b l e  B.3-1 and s p e c i f i c   v e h i c l e  
c h a r a c t e r i s t i c s  are i n c l u d e d   i n   t h e   a t t a c h e d   d a t a   s h e e t s .  As expec ted ,   the  
p a y l o a d   c a p a b i l i t y   i n c r e a s e s  as t h e   f i r s t   s t a g e   p r o p e l l a n t  mass is increased.  
The rat io   of   glow/payload  weights  i s  a l s o  improved.  However, t h e   s t a g i n g  
v e l o c i t y   a l s o   i n c r e a s e s   s i g n i f i c a n t l y .   I n   t h i s   t r a d e   s t u d y   t h e   f i r s t   s t a g e  
ine r t   we igh t  was n o t - p e n a l i z e d   f o r   t h e   a d d i t i o n a l  TPS requi red  a t  t h e   h i g h e r  
s t a g i n g   v e l o c i t i e s .  By i n c l u d i n g   t h a t   d e l t a   w e i g h t   t h e   g l o w / p a y l o a d   r a t i o  
would no t   be  as favorable .  By combining t h e   r e s u l t s  of t h i s   s t u d y   w i t h   t h e  
th r .o t t l i ng   t r ade   r e su l t s ,   however ,  a payload  increase may be  achieved  without 
t h e   s i g n i f i c a n t   I n c r e a s e   i n   s t a g i n g   v e l o c i t y .  

Table B . 3 - 1 .  First S tage   Prope l lan t   Trade  Summary 

CASE GLOW/PAYLOAD STAGING PAYLOAD GLOW 1 ST STAGE PROP. 
(LBxlO'] VELWt'TY (LBxlO')  (L6XlO6] 

(FT/SEC) 
REFERENCE 30.87 6978 509 7 15.731 7 -995 

21 

28.73 7573 589.0 16.921 8.995 22 
29.60 7281 551.6 16.328 8.495 

23 

27.46 81 14 659.3 18.108 9.995 24 
28.03 7852 624.9 17.514 9.495 

" ~ 
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PROPELLANT  SUMHARY FOR THE A B O R T O D E S  FOR CASE 24 

ASCENT TRAJECTORY  SHAPED TO THE NOMINAL MISSION MOM UP TO 1860509 SECONDS 

UNBURNED MAIN PROPELLANT IN THE  ABORT )MQE = 0.0 mums 

EXCESS ON-ORBIT PROPELLANT I N  THE ABORT HODE = 402490937 POUNDS 

_ ~ _ _ " _ _ _  UNBURNED M A I N  PROPELLANT In THE RTLS MODE = 1304?o000 PoUryDS 

EXCESS OW-ORBIT PRUPELLANT I N  THE  RTLS MODE = 000 W U M S  

MINUS S1W INDICAT4iS PROPELLANT SHORTA6E IN BURN CIW)E INDICATED 
7 

do 
v1 

SHUTTLE  SYSTEM NET PAYLOAD WITHOUT OnS KlTS = 659315.010 POUNDS 

HAlN PROPELLANT BURNED TO AOURTLS ABORT TIME=  1898221000 POUNDS 

" SHUTTLE GROSS_ LIFT-OFF WEIGHT (GLOY) = 1010828&.0 POUNDS 

PROPELLANT CROSS FEED FRW F I R S T  - SECOND STAGE= 1739670,001 POWDS 

SECOW "" STAGE PROELLANT CAPACITY - CROSS FEED ~ 3 3 5 4 1 4 3 . 0 0  POUNDS 



B.4 SECOND STAGE PROPELLANT WEIGHT ANALYSES 

The second   s t age   p rope l l an t   we igh t s  were v a r i e d   i n  a similar manner as 
t h e   f i r s t   s t a g e  (B.3). V e h i c l e   c h a r a c t e r i s t i c   d a t a   s h e e t s   f o r   t h e   v a r i o u s  
cases are inc luded  in t h i s   s e c t i o n  a n d   t h e   r e s u l t s  are summarized in 
Table B.4-1. The r e s u l t s   o f   t h i s   a n a l y s i s ,  as might   be  expected,  are j u s t  
t h e   o p p o s i t e  o f   t h o s e   p r e s e n t e d   i n   t h e   p r e v i o u s   s e c t i o n   f o r   t h e   f i r s t   s t a g e  
we igh t   va r i a t ion .  As  second  s tage   p ropel lan t   weight  is  i nc reased   t he  pay- 
load   we igh t   i nc reases   bu t - the   s t ag ing   ve loc i ty   dec reases   and   t he   g low/pay load  
w e i g h t   r a t i o  becomes worse. Also, when t h e   t h r o t t l i n g   f u n c t i o n  is  s h i f t e d   t o  
t h e   s e c o n d   s t a g e ,   t h e   p e n a l t i e s  become worse  ra ther   than  showing an improvement 
as in t h e  case of f i r s t   s t a g e   p r o p e l l a n t   w e i g h t   i n c r e a s e s .  

T a b l e  8.4-1 .  S e c o n d   S t a g e  Propel lant   Weight  S t u d y  Summary 

CASE 

REFERENCE 

30 

31 
32 

SECOND STAGE 
(LBx106) (LBxlO’) VELOCITY PROP. WEIGHT 

GLOW/PAYLOAD GLOW PAYLOAD STAGING 

( L B X I O ~ )  (FTISEC) 

5 093 

3 1.39 16.3’iQ 519.6 6608 5 -  570 
30.87 15.731 509.7 6978 

6.068 

34.05 17.540 515.2 585 1 6.565 
32.46 16.918 521.1 6238 

. E-86 



SATELLITE POWER SYSTEM (SPS) CONCEPr DEFINI-TION STUOY 

THO-STAGE VERTICAL TAKE-OFF HOHlZtJNTAL UNOPNG HCLV CONCEPT 
I 

___.___-__- 

BOTH STAGES nAVE FLYbAU CAYABILI lY 10 LAUNCH SITE (KSC) 

FIRST STAGt  M S  LOX/HP/LHZ IRIPHOPELLANT SYST€H 

: x  -4 WITH HZ COOLHI HIGH PC ENBIN€S (VACUUM I S Y  = 352.3 SECl  

StLDND STAGt USES LOk/Lh2 PWPELLANT WlTH VACUUM I S P  466.7 S t C  

I H t  O E S I G N  PAYLOAD SHALL BE 500 KLb I N 1 0  A CIRCULAR ORB11 OF __ "" - - "" " - -  .- - .- 



MAXIMUM  AXIAL  LOAD  FAClOR DUHlNG A S C t N T  IS 3.0 G B s  

THAJECTURY H A S  A MAXlHUM AERO PRESSURE UF 65C; LbS/FTZ 

MAXlMlJH A L H O  PH€SSURE A 1  STAGINC L l M I T t D  TU 25 L b W F T i !  
" ". . " ,- . - .. -" - - 

"" " 

O l R E C l  ENTRY FROM 270 NoMlLES  ASSUMHE0  (D€LlA V = 4.15 F l / S E C l  

P F I G H l  PtKFOHMANLE RESkRVE = O o 7 5 Y  l O T A L  CHAC ASCENT  VELOClTY 

' i i  F I [ ;HTSCAiXNCP.€R-R I jC -KMTLj3RAND-U  HL  LV SmDIIS 

SECOND S l A G E  THRUST LEVEL GI S T A G I N 6  EQUALS 5212010 LBS 

SECOND STAGE: OV€:)(ALL b 0 0 S T t R  MASS F k A C l I O N  = Oo8489 'W/0  MARGIN 

~ 

"" SEcoNa~s'A"~~".~~iL;HT."B~~A~~.D~o~N~~"i""--"~"-""-""""-"---"-- .-- 

03 m 
RESkHV€S WLILHl = 3350 POUNOS 

RESIDUAL WEIGH1 = 2070 POUNDS 

r c C s ~ p R o ~ ~ " ~ . t ~ r ~ G H . , ~ l ~ ~ ~ 6 ~ 0 6 " ~ ~ ~ u . ~ ~  
- . 



VEHICLk CHARACT€KlSTlCS (NOMlNAL PIISSIONJ CAS€ 39 

' STAGE 1 2 3 
"" " - 

GROSS STAGt WEIGHTtlLBJ 16310.555-0 5352967-6 5118293-0 

GROSS STAGt T h R ~ / U € I W T  1-300 0-914 1.018 

PERF. FRAC-I (NU) 0 -5954 0 - 0 4 3 b  O m  70 73 

lU tAL V E L [ n ; T T V t l l - l m  J 1052 1.5 11200-7  29646 -6 



BALLAST FOR CG CONTROL 
OMS INSTALLATIUN KITS 0 -0 PO UNOS 
PAY LOAD MODS 0 -0 PO UNDS 

W S  BURN€D DUKlNG ASCENT 0 - 0  PO UNO s 
ACPS BURNED W H  1NG ASCENT 0 00 POUNDS 

TOTAL €ND BOOST (CXTEKNAL TANK) 44831 - 0 U O  POUFlDS 
USABLt  PROPELLANT ~EXIERNAL TAN&)  5,569960-00 POUNOS 

T M A L  GKOSS LIFT-UFF k€IGHT (GLUM I lb31U555-0  PO LlNG s 



I 



V E H I C L t  C h A H A C I t H I S T  ICs (NOMINAL HISSLUN) 
- 

CASk 31 



W€SlDUALS 2070.6LG POIHDS 
HESEHVES 3 3 O O o O Q O  PDbIYDS 
lN-FLIGHT LOSSES 12644000b POUNDS 

UllS PROPELLANT 107222 ,500 POUNDS 

UALLAST FOR CG CONlKOL 0 .G POUNDS 
W S  INSTALLAllON KkTS 0 .o PU UNDS 
PAYLOAD MODS i J  00 PUUNOS 

ACYS PROPELLAN1 21784,050 POUNDS 

I P A Y m A D  52 1094 o O U 0  POUNDS 
" 

EXlERNAL  HAIN 1 ANK 
lANh DRY Llt IWT 2640,000 POUNdS 

21%71,000 P U i D S  

PRESSURANT 1 232400CCi ) PtiU.'rDS 
TANK AND LINES ( 11453.G.OO ) PO UYDS 
ENG LNLS 1 43sl3.00J ) PO UND S 

lnrsorr~.ED-PKOPEL..L~AN.~"lilA.~~"TANK"i-"~""- FLlGHl PERFORMANCE HtStWVt Z ' t i i 3 i t 'oUOO - - " POUNDS - .... - 

"p"REsIDuA~ ~~-~ - 

Y) 
w PROPELLAN1 B I A S  3144-000 J POUNDS 

- ". - 
6 00 POUNDS 

TOTAL tND BDLIST (LXlkRhAL T A h K J  4904LI .Ot.L POUNDS 
USAHL€ PRUPELLANT (EXTtHNAL TANK) w a 1 b ~ 6 . 0 ~ '  POUNDS 

FLYBACK PROPELLAN1 (FIRS1 S l A b E  J 



ASCENl  TRAJECTORY SHAPED 'CO T h E  NWINAL MISSiUN M0L)Er UP IO 212.502 SECONDS 

UNBURNED MAIN PftROPELLANT IN THE RlLS HOD€ - - 10886 0750 POUNDS 

' kXCESS UN-ORBIT PROPELLANT I N  THE RTLS HODE = 0 -0  POUNU S 

~. ~ "" ~ ~ " _  ." - -~ " "" -- - 

SHUTTLE GROSS LIFT-OFF wEIGHT (GLUM) = 1 b Y l i l l Z . O  POUNDS 



I 



ORB l l k R  WE IWT tiH€AhDOnN 
D R Y  W€IGHI 
PtRS-UdNEL 3000 .UCO POUNDS 
RESIDUALS 2 0 7 0 . 0 ~ 0  PIJUNDS 
HE S ERVE 5 3300 o000 POUNDS 
IN-FLIGHT L O S € S  13814o000 POUNDS 
ACPS PROPELLAN1 23ftoo .ooo POUNUS 
OCIS PROPELLANT 
PA Y LOAD 515181-000 POUlvDS 
BALLAST FOR CG CONlROL 6 -0 POUNDS 

.__ - . . " . ". 938763,000 ... POUNDS ~. "" --- - .. - .   - .  .- .. 

-~ "" 
11265Y 0812 POLNDS -. - ." -. " 

W S  l N S l A L L A T l U N  K l l S  0.0 PUUNOS 
PAYLOAU MODS 0 - 0  POUNDS 

T O l A L  END BOOST (OKBll€R UMLY j 1612587 -00 POUNDS ". .. "" ___ "" . ." "" ..... 

OMS BURN€D DLIRlNG ASCENT 0 00 POUFtOS 
ACPS BURNED WHlNG A X E N 1  0 -0 PO UNbS 

EXTLRNAL M A l N  l ANK 
TANK DRY Y € l ( ; H l  

-7 RE' s-1 DU ACS" 
2 6 4 G o O I ; O  POUNDS 

23458 -0UO POUNDS 
\o cn PROPfiLLANT 6 l A S  1 3437,000 ) PU UNO S 

TOTAL tND bOUST (EXIEHNAL  TANIO 5.3344.ci00 PUUNOS 
USABL€  PROPELLANT (EXIERNAL ~ A N K )  bSbSi387 -410 POUNDS 

TOTAL GHUSS LlFT-UFF R€IGHT ( b ~ w  1 1354346400 POUNDS 



1 PROPELLANT SUMMARY FOR TH€ ABORT HOOtS FOR ~c "" ~ CASE 32 
1 
! 
i ASCENT TRAJECTORY SHAPED TO T& NWINAL M I S S I O N  MODE UP TO 210.489 SECONDS 

UNBURNED MAIN PROPtLLANT I N  lH€ Hl.&S MODE = 

EXCESS  ON-ORBLT PROPELLANT 1N THE RTLS HWk = 0.0 POUNDS 

__ "" __ ~ .. ." - -_--___--- -- - 66Y3,Oi:O POUNDS 

! 

MINUS SlGN INDICATES PROPELLANI SHORTAM IN BURN MOUE INDICATED 

SHUIILt SYSltM Ntl PAYLOAD WiTHOUT OHS KITS = 515181.000 POUNDS 

" __ __ 

M A I N  PROPELLANT BURNED TU AOURTLS ABORT 1 I H E =  2HOu000.UO POUNDS 

PRUYtLLANl L K U S  I-LtD FROM F I R S T  - S E C W O  SlAGL= 1Y31527.00 POUNDS 

SECONO STAGE PROPELLANT CAPACITY - CROSS F € t D  = 4633860.00 POUNDS 

i 1 
, .. " __.. "~ "" - "" 



B.5 LIFTOFF THRUST-TO-WEIGHT 

The l i f to f f   th rus t - to-weight  (T/W) was reduced  from  the  reference  value 
of  1.30 t o   1 . 2 5   i n   o r d e r   t o  assess t h e   e f f e c t s .   T h i s   v a r i a t i o n   i n  T/W result- 
ed i n  approximately 1% reduc t ion   i n   pay load   capab i l i t y   w i thou t   an   apprec i ab le  
change i n   s t a g i n g   v e l o c i t y .  The glow was a l so   r educed   s l i gh t ly .  The major 
e f f e c t  was a s h i f t  of  approximately 70,000 lb of   second  s tage  s tored  propel-  
l a n t   o v e r   t o   t h e   f i r s t   s t a g e   c r o s s f e e d   t a n k s .  This s h i f t  i n  propel lant   weight  
should   b r ing   bo th   vehic les   wi th in   the  same volumetric  envelope.  Selected 
vehicle   parameters  are compared wi th   t he   r e f e rence  HLLV c o n f i g u r a t i o n   i n  
Table B.5-1 a n d   v e h i c l e   c h a r a c t e r i s t i c s  are given i n  the  a t tached  computer  
d a t a   s h e e t s .  

Table 8 . 5 - 1 .  Comparison o f   L i f t o f f  
T / W  of 1.25 w i t h  Reference HLLV 

~~ ~ 

THRUST/WE I GHT 
"..~ 

1.3  REF) 1 .a 25" 
GLOW ( L B X I O ~ )  

9.607 9 679 FIRST STAGE PROPELLANT - LOADED ( L B X I O ~ )  
6978  7000 STAG I NG VELOCITY (FT/SEC) 

509.7  503 -9 PAYLOAD ( L B X I O ~ )  
15.731  15.697 

GLOW/PAYLOAD 30.87  31.15 

SECOiJD STAGE  PROPELLANT - LOADED (LBx106) 3.481 3.410 

on 
i n  

The lower  thrust-to-weight  system would be of advantage  only i f   t h e  impact 
e n g i n e   s i z e  is of   suf f ic ien t   magni tude   to   warran t   paying   the  small penal ty  
payload   capabi l i ty .  

B-9 8 



"_ GI iNl iRAL  ASCENT  TRAJECTORY AND S I Z I N G  PKOGKAM  BY R.L.POr3ELL 

D A T E  - O l / l 7 / 7 9   T I M E  - 21:31:36 

S A T E L L I T E  POWER S Y S T t M  ( S P S )  CONCEPT D € F I N I I I O N   S T U D Y  

TWO-STAGE V E R T I C A L   T A K E - O F F   H O R I Z D N T A L   L A N D I N G   H L L V   C O N C E P T  

B O T H   S T A G E S   H A V E   F L Y B A C K   C A P A b I L I T Y   T O   L A U N C H   S I T E  (KSC) 

F I R S T   S T A G E  __ H A S   A I R B R E A T H E R   F L Y B A C K  ~ A N D   L A N D I N G   C A P A B I L l T Y  

FLYBACK  PROPELLANT  HAS A S P E C I F I C   F U E L   C O N S U M P T I O N   O F  3500 SEC 

S E C O N D  STAGE U S t $  T H E   A B O K T - O N C E - M O U N D   F L Y B A C K  MODE ( A O A )  

- F I R S T   S T A G E   H A S   L O X / R P / L H 2   T R I P R O P E L L A N T   S Y S T E M  

W I T H   H Z   C O O L k D   H l G H   P C   E N G I N E S  LVACUUM I S P  = 352 .3   SEC)  

SECOND  STAGE  USES  LOX/LH2  PROPELLANT  WITH  VACUUM  ISP 466.7 SEC 

THE DtSIGN PAYLOAD  SHALL  BE 500 K B  I N T O  A C I R C U L A R   O R B I T  OF 

270 N o  M I L E S   A N D   A N   I N E R T I A L   I N C L I N A T I O N  OF 31.6 DEGREES 

ASCtNT  SHAPED  TL i   THE NOMINAL A S C E N T   M I S S I U N  

"__ MECC, COlvOITILjhS A ~ E  TO A T H E O R E T I C A L   O R B I T  OF 1 6 9 . 2 2   N O M I L E S  

B Y  50.42 N o  M I L t S   ( C O A S T S   T U   A P C G E E  OF 160 N o M l L E S )  

O N - O R B I T   D t L T A   V t L O C I T Y   K f i Q U I R E H E N T   O F  1110 f €ET/SECOND 

RCS  SYSTkM " S I Z E D  FOR A D E L T A   V E L O C I T Y  REQM1 OF i 2 0  FEET/SECOND 

THE V t H l C L t  SIZliCI FUR A T H K U S T / W E I G H T   R A T I O   A T   L I F T - O F F   O F  1 -25  



Y r 
0 
0 

M A X I M U M   A X l A L   L O A D  FACTOR  OUKLNG  ASCENT I S  3.0 G'S 

T R A J k C l O K Y   H A S  A MAXIMUM  AERO  PRESSURE GF b5C L B S / F T 2  
". -. 

MAXIMUM  AkHO-P-SGEAT  STAGING  L lM lTED  TO 25 L B S / F T 2  

D I R E C T   t N l R Y  FHUH 2 7 0  N.MILES  ASSUMMED ( D t L T A  V 415 F T / S E C )  

PFIGHT  PEKFOKMAhCk  hES€RVE = 0.75% TOTAL CHAC A S C € N T   V E L O C I l Y  

WEIGHT  SCALING  PER  KOCKWELL I R  AND D HLLV  STUDIES 

A WEIGH1 GKOWlH ALLUWANCE OF 15% 1s ASSUMMED FOR BOTH  STAGES 

FIRST  STAGE  BURNS 7995060 POUNDS OF ASCENT  PROPELLANT 

SECOND  STAGk ( O h B I T t h )   E N G I N E S   B U k N  5092633 L B S   O F ~ ~ O P I i L L A N T  
.. 

SECOND STAGE DRY WEIGHT WITHOUT  PAYLOAD  kCIUALS 713154 L B S  

SECOND  STAGE  THRUST  LEVEL id STAGING  EQUALS 4730000 L B S  

SECONO  STA6E  ASSUMES 4 TNGlNES  FOR  ASCENT WlTH 1 LlUT  FOR ABORT 

SECOND  STAGE  €PL  THRUST  LkVEL  FOR  ABORT I S  112 tg F U L L  POWER 

SECOND  STAG^ OVLKALL  BOOSTLR  MASS  FKACTIOhr = 0.8329 

SECOND STAGE W E W B ~ K D O W N  : 

RkS IDUAL  WEIGHT = 2070 POUNDS 

R E S W V E S   W E I G H T  = 3300 POUNDS 

f PR WEIGHT = 20141 POUNDS 

KCS WE1G;HT = A7594 POUhtOS 

BURN-OUT A L T ~ T U I J E  A T  SECUND  STAGE  THRUST  TERMINATION = 50 N. M I L E S  

AOVANCtD TtCHNOLClGY W ~ < ? C O M P A T A B L E   W I T H   T H E   Y k A R S  1990 C ON 



VEHICLE  CHARACTERISTICS  (NOMINAL  MISSION)   CASE 25 

STAGE 1 2 3 

GROSS STAGE  WEIGHT,  (LB) 1569663500 4796839.0 4794255.0 

GROSS STAGE  THRUST/WEIGHT 1.250 0 0990 0 0991 

THRUST  ACTUAL,(LB) 1962C768 00 4750000.0 475i1000.0 

I S P  VACUUM, ( S E C I  371.672 4 66 m700 466 700 

STRUCTURE 9 ( L B I  1040199 7 0.0 780453.0 

___ PROPELLANT,  (LB I 9678653 -0  25 84.0 3407204.0 

PERF.  FRAC.,(NU) 0.61 66 0.0005 0.7107 

PROPELLANT FRAC. 9 (NUB I C.90 30 1.0000 0.81 19 

BURNOUT  T I M E t  1 SEC 1 165.421  165 -675 502 0543 
'p E BURNOUT VELOCITY, (FTISEC) 8267.9 1 B  ~ 7 4 . 0 4 7  25954.113 

' BURNOUT GAMMA, (DEGR€ES) 13 -5 22 13 0477 0.187 

BURNOUT  ALT  I ' I 'UDEv.(FT) 18 0447 . 9 180938.1  319657.8 

BURNOUT  RANGE, (NM) 49 05 49.8 798.1  

I D E A L   V E L O C I T Y , ( F T / S E C I  1 llrt9 - 8  111 57.9 29780.8 

" I N J E C T I O N   V E L O C I T Y ,   ( F T / S E C )  0 . 0  F L  YBACK  RANGk( NM 1 204 rn 1 
INJECTION P ~ C L T N T ,  ILB) 0 00 F L Y B A C K   P R U P i L B S )  180942.2 

ON ORB17 DELTA+,  (FT/SEC) 1082 07 
ON O R B 1  T PROPELLANT p ( L B  1 93697 07 
.ON O R B I T  1SPc  (SEC 1 466 07 

THETA= 29.17 P I T C H   K A T E =  0 oOG2G5 ATTEMPTS T O  CONVERGE= 3 

PAY  LOAD , 1 L B  ) 503300 00 



SUMMARY WElGtiT STATEMENT  (NOMINAL  H lSSION)   CASF 25 

ORBlTER  WEIGHT  BREAKDOWN 
DRY  WEIGHT 713154.000 POUNDS 
PERSONNEL 3000.000 POUNDS 
R E S I D U A L S  2070.000 POUNDS 
RESERVES 3300.0CO POUYDS 
I N - F L I G H T   L O S S E S  io2  A2.000 POUNDS 
A C P S   P R O P t L L A N l  17594.000 POUNDS 
OMS PROPELLANT 93697.687 POUNDS 
PAY  LOAD 503900.000 POUNDS 
BALLAST  FOR CG CONTROL C.0 POUNDS 
OMS 1 N S T A L L A T l O N   K I T S  0.0 POUNDS 
PAYLOAD MODS 0.0 POUNDS 

~ _ _ _ "  TOTAL  END  BOOST  (OKBTER UNLY.).-p. 1346927-00 POUNDS 

OMS BURNED  UUHlNG ASC €NT 0.0 POUNDS 
ACPS  BURNED  DURlNG  ASCtNT 0.0 POUNDS 

EXTERNAL  MAIN  TANK 

5" 
TANK DRY  WEIGHT 2640.000 POUNDS 
R L S I D U A L S  17342.000 POUNDS 

E P R O P E L L A N T   B l A S  2540.000 1 POUNDS 
65 PRESSUKANT ( 2040.000 1 POUNDS 

TANK  AND L I N k S  ( 9250.000 1 POUNDS 
E N G I N E S  ( 3512.000 1 POUNDS 

F L I G H T  PERFORMANCE HE S E K V E  20141.000 POUNDS 
UNBURK~D P R O P E L L A N T ~ ~ A I N   T A N K )  0.0 POUNDS 

T U l A L  END  BOOST ( t X T € K N A L  TANK)  40123.000 POUNDS 
USABLE  PROPELLANT ( E X T E R N A L  TANK 5G93422.00 POUNDS 

F L Y B A C K   P R C i P t L L A N T   ( F I R S 1   S T A L E )  180942.250 POUNDS 

S O L I D  ROCKET MOTOR ( F I R S 1   S T A G € )  9C35259.00 POUNDS 
SRM CASE  WEIGHT ( 2 )  lG40199.75 POUNDS 
SRM STRUCTURE E R C V Y   k t l G H T  0.0 POUNDS 
SKM 1NkRT  STAGlNG Wt16H1 1 C40199.75 POUNDS 

~ ~ _ _ - ~  
U S A b L E  SRM P k O P k L L A N T  

____ ____ 
7995060.00  POUNDS 

TOTAL GROSS L I F l - O F F   Y t I G H T  (GLOW) 1569663500 POUN DS 



ORBITER ABORT DATA 
VEHICLE CHARACTERISTICS CASE 2 5  

GROSS STAG€ WEIGHT, (LB)  4794255  -0 3 7942  07.0 

GROSS STAG€ THRUST/WEIGHT 0.832 1 e005 

THRUST ACTUAL,(LB) 3990000.G 38150LOeO 

ISP V A C W M ,  (SEC)  4 66 -7 00 4  66 0700 

STRUCTURE 9 (L6  1 0 00 7794 53.0 

2." "" ~ ___ _______ PROPELL ANT 1000047 .9  2 4 5 1 O t I 8 o O  

PERF. F RAC. ,(NU) 0.20 86 0 .  646G 

YROYtLL ANT  FHACm 9 (NUB 1 1.0000  0.7587 

BURNOUT T IHE,  I StC ) 262.647 5 8 2  e496 
T 

BUKNOUT VELUCITY,  (FT/SEC)  108 59.3 83 2 55 86 -543 
w 

BURNOUT GAMMA, (DEGREES) 4 .174  0 -650 

BUKNOUT ALTI lUDEt ( f  T I  335653 09 3621 87.6 

BURNOUT  RANGE INH) 202 -6 9 5 1 . 8  

IUEAL  V€LGCITY,(FT/SEC) 14670 07 30264.1 

ON-ORB11  PROPELLANT USED,(LB) 4 3 8 W Z O  
OMS-ORB I T  93697.7 OMS-ASCENI 0 00 
ON URBI T P R W  tLLANT  AVAlL 9 I Ld J 9 3697 7 
DELTA ON ORblT PROPELLANT, ( L B )  45807 -7 

ON-ORBIT MISSION P R O P  R E O ' D t  (LB 1 25520.6 
~ _ _ _ ~  

THETA= 39.55 PITCH K A T € =  0.00236 ATTEMPTS TU CONVERGE= 0 



SUMMARY WElGHT  STATkMENT  (AHORT hODE) CASE 25 

W B I T E K  W t I G H T  BREAKDOWN 
DRY WEIGH7 7 3 1 5 4 . 0 0 0  POUNDS 
P EK SONN LL 3000.000 POUNDS 
R tS IDUA  LS  207G.000 POUNDS 
CtESl iHVtS 3 3 O O o O G O  POUNDS 
I N - F L I G H T   L O S S t S  102 1ZoGGG  POUNDS 
ACPS  PKOPtLLANT 7 5 9 4 0 0 0 0  POUNDS 
OMS PKOPE LL ANT 4Y807.6&7 POUNDS 
P A Y   LOA^ 503500.000 POUNDS 
B A L L A S T  FOH CG CONTROL 
ClHS I N S T A L L A T I U N  K I T S  0.0 POUNDS 
PAY  LOAD MUD 5 0.0 POUNDS 

TOTAL  END  BOOST (OKBITkR ONLY)  1293037.00 POUNDS 

OMS BURNED  DURING  ASCENT 43890.000 POUNDS 
ACPS  BURNED  DUHlNG  ASCENT 10000.000 POUNDS 

EXTERNAL  MAIN  TANK 

Y 
TANK  DRY  W€IGHT ~- 2640.000 POUJDS 
K t S J D U A L S  17342.000 POUNDS 

c3 P R U P E L L A N T   B I A S  ( 25400000 1 POUNDS c, 
s PRESSURANT ( 204G.000 1 PObNDS 

TANK  AND  L lNES f 925O.GOO 1 POUNDS 
E N G l  NE 5 ( 3512.000 1 POUNDS 

F L I G H T   P E R F O R H A M E   R E S E R V E  
UNBURNED  PROPELLANT I H A l N   T A N K )  0.0 POUNDS 

~~~ ___ 20141.0CO - POUNDS 

TO'IAL  €ND BOOST ( E X T € R N A L  TANK)  40123.000 POUNUS 
USAbLE  PROPELLANT (EXTERNCIL TANK h 5053422.00  POUNDS 

" FLYBACK __ PROP E L L A N T   ( F I R S T  STAGE) - 180942.2 50 POUNDS 

SOL10  ROCKET HOTUK ( F l R S T   S T A b E )  9035259oOG POUNDS 
SKM CASk W I i l G H T ( 2 )  1 G40155.75 POUNDS 
SKM  STRUCTURE C HCVY Wt IGHT GOO POUNDS 
SRM I N E R T   S l A G l N G  WElbHI  1 C401VY.75  POUNUS 

US AB L E  SRM PROPELLANT 7 9 9 5 0 6 0 . 0 0  POUNDS 
- " . " -" . " 

l O T A L  G R O S S  L I F T - U F F  WkIGHT (GLOW) 15 696635.0 POUNDS 



V E H l C L E   C H A R A C T E K l S T I C S   ( R T L S  M O D E )  C A S E  2 5  

STAGE 1 2 3 4 5 

GROSS  STAGE  WEIGHT, ( L b )  4794255.0  4690199.0  46Y0199.0  3025143-0  2543142.0 

GROSS  STAGE  THKUST/WEIGHT 0.796 0,813 0 ,656 1.319 1.500 

THRUST  ACTUAL, (LB)  3B15G00.0 3815000.0 4G15000.0 3990000.0 3815000.0 

ISP VACUJM, ( S E C I  466.700 466  -700 466.592 466.700 4 66 -700 

STRUCTURE 9 ( L B  1 0 00 0.0 0.0 0 00 770399.0 
I 

"" P K O P L L L A N T ,   ( L B  1 104055 "" 04 0.0 1665056.0 4112000.2 757731 01 

PERF. f KAC. , ( N U )  0.02 17 (i- 0 G o  3550 0.1593 0 2980 

P R O P E L L A N T  FRAC. 9 (NUB 1 1.00 00 0.0 1.0000 1 .oooo 0.4959 

BURNOUT T l M E ,  ( S E C  I 17t1.4 03 17 8 ,403 371.903 42U.281 5 19  0492 
f" P 
VI 
o B U K N O U T   V E L O C I T Y   ( F T / S t C )  6164.465 8184,465 2421  -007  702.479  3304  -023 

BURNOUT GAMMA, (DEGREES) 12.836 12 -836 -12 0228 -57.180  175.809 

" B U R N O U T   A L T I T U D E ,   ( F T )  20 4908 0 4  2048 95. 1  29 15 05 02 258602 07, 229997.7 

BURNOUT  RANGE,  (NH) 63 -8   63.8 188 -7 189-4  149-3 

lDEAL V E L O C I T Y , ( F T / S E C )  11224 03 1 12 244.3 178 07 04 204 13 -5 2 5725 -3 

"_ T H E T A = l  !X -66 P I T C H   R A T E =  C o00228 ATTEMPTS T O  CUNVEHCE= 4 

UNBUkNEO  HA1N  PROPELLANT,  ( L B )  51 1152 -9  

P A Y L l j A D  ,( Lb 503858 1 



SUMMARY WliIGHT SlAT tMENT  (RTLS  HOOE)   CASE 25 

OKBITER  WEIGhT  BR€AKDUWN 
DRY WEIGH1 713154 .000  POUNDS 
PERSONNkL 3000.0G0 POUNDS 
RES I DUALS 2070.0CO POUNDS 
RESERVES 3300*000 POUNDS 
IN-FL IGHT  LOSSES 10212.0CO POUNDS 
ACPS  PROPELLANT 6844.000 POUNDS 
OMS PROPELLANT 0.0 POUNDS 
PAY  LOAD 503858.125 POUNDS 
t l A L L A S T  FOR C G  CONTROL 0.0 POW4 DS 
OMS I N S T A L L A T I O N   K I T S  0.0 POUN US 
PAYLOAD MODS 0 .a POUNDS 

t iMS BURNED  DURING  ASC  €Nl 93697.687 POUNDS 
ACPS BURNED  UUKlNG  ASCENT 10750.000 POUNDS 

EXTERNAL  MAIN  TANK 
TANK ~ DRY  WEIGHT  2640.0GO  POUNDS 
H E S I D U A L S  17342.000 POUNDS 

P K O P I i L L A N T   B I A S  ( 2540.000 1 POUNDS 
PKkSSUKANT ( 204C.GOO ) PObNDS. 
TANK  AND  L lNES I 9250.000 1 POUNDS 
E N G I N E S  I 3512.000 1 POUNDS 

_ _ _ _  F L I G H T   P E R F O K M A N C E   R E 3 t R V t  11837.UGO POUNDS 
UNBUkNED  PROPELLANT ( MA lN   TANK)  5 1 1 1 5 2 . 8 7 5  POUNDS 

TOTAL  END  BOOST ( E X T E R N A L  TANK)  5 4 2 9 7 1  - 8  75 POUNDS 
USAbLE  PROPELLANT (EXTERIUAL T A M  1 4590573.00 POUNDS 

" F L Y B A C K   P R O P t L L A N T   ( F I R S T  STAGE)  180942.2 50 POUNOS 

S O L I D  ROCKET MUTOR ( F I R S T  STAGE) 9 G 3 5 2 5 9 . 0 G  POUNDS 
SRM C A S E  W E J G H T ( 2 I  104019Ym75 POUNDS 
SkM STRUCTUKE & R C V Y   W t I G h T  (2.0 POUNDS 
SKM I N E R T   S T A G I N G  W€lLHT l C 4 0 1 9 9 ~ 7 5  POUNDS 

USABLE SRM P K O P t L L A N l  7595060.00 POUNDS 

TOTAL  GROSS  LIFT-CIFF  W€IbHT  (GLOW) 15696635.0 POUNDS 



PROPELLANT SUMMARY FOR  THE  ABORT  MODES  FOR  CASE 25 

ASCENT  TRAJECTORY  SHAP€D  TO THE N O M I N A L   H I S S   1 0 N  MODE UP TO 165.675 SECONDS 

UNBURN€D MA I N   P K O P € L L A N 1  I N  THE ABORT M O D t  = 0 00 POUNDS 

EXCESS ON-OKBIT  PROPELLANT I N  THE ABORT M W E  = 242870062 POUNDS 

UNl jUKN€D  MA lN   PROPkLLAN1 1N 1 H E  HTLS MODE = 511152.875 POUNDS 

EXCESS O N - O R B l T   P R D P L L L A N l  I N  T H t   R T L S  MODE = 0 00 POUNDS 

MINUS SIGN INDICATES  PKUPtLLANT  SHORTAGE 1N BURN MODE I N D I C A T E D  
Y 
P 
3 

SHUTTLE:  SYSTEM  NET  PAYLOAD  WlTHOUT OMS K I l S  = 503900.000 POUNDS 

H A I N  PROPELLANT  BURNED IO AUA/KTLS ABORT T I H k =  1686177.00 POUNDS 

- S W T T L €  GROSS L I F T - O F F  WElCiHT  (GLOW) = L 5 b Y b 3 5 . 0  POUNDS 

PhOPELLANT CROSS FEED FROM F I k S T  - SECOND S T A G t =  1683593.00 POUNDS 

S € C O N D  STAG€  PROPkLLANT CAPAC 1TY - CROSS FEED = 34G9829.00 POUNDS 



B.6 ALTERNATE FIRST STAGE  PROPELLANTS 

A performance  comparison was made of   the   re fe rence   conf igura t ion   us ing  
LOX/RP wi th  alternate propel lant   systems  of  LOX/CHb (Methane)  and LOX/LHZ. 
The compara t ive   veh ic l e   cha rac t e r i s t i c s  are tabula ted   in   the   a t tached   computer  
d a t a   s h e e t s  and se lec ted   parameters  are compared i n   T a b l e  B.6-1. Although  the 
LOX/LH2 conf igu ra t ion   a f fo rds   s ign i f i can t   ga ins   i n   pay load   capab i l i t y ,   t he  
cons iderably   h igher  c o s t  of LOX/LH2 and t h e   l a r g e r   v e h i c l e  volume requirements 
r e s u l t  in  a less c o s t   e f f e c t i v e   c o n f i g u r a t i o n   t h a n   t h e   b a s e l i n e .  The inc rease  
i n  performance (-6%) af forded  by the  methane  system is s i g n i f i c a n t  and  contin- 
gent upon c o s t / a v a i l a b i l i t y   i n   t h e   q u a n t i t i e s   r e q u i r e d   f o r  SPS, is  the   p refer -  
red  propellant  system. 

T a b l e  B.6-1. Alternate  Propellant Concepts 

VEH I C L E  
WE I GHT (KGXI 06)  

GLOW 

BLOW 

WP 1 

w 2  

ULOW 

PAY LOAD 
GLOW/PAYLOAD 

FIRST STAGE PROPELLANT 
LOX/RP 

4.849 5.109 4.831 
7.151  7.532  7.135 

LOX/CHr I LOX/LH2 

. . -  

4.359 

29. I8 30 87 
0.245  0.318 0.231 
1.564  1.552 1 .579 
2.196  2.260 2.177 
4.372  4.385 

B-108 
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GENERAL ASCEtUT  TRAJECTORY AND S I Z I N G  PROGRAM  BY  R.LoPOWELL 

D A T E  - 01/17/79 f I M €  - 2 1 : 5 8 : 2 4  

S A T E L L I l E  POWER SYSTEM 1 S P S )   C O N C E P T   D L F I h i I T I O N   S T U D Y  

TWO-STAGE V E R T I C A L   1 A K E - O F F   H O R I Z O N T A L   L A N D I N G   H L L V   C O N C E P T  

BOTH S T A G E S   . H A V E   F L Y B A C K   C A P A B I L I T Y   T O   L A U N C H   S I T E   ( K S C I  

F I R S T   S T A G E  HAS A l R B H t A T H k R   F L Y B A C K   A N D   L A N O & C A P A B l L I T Y  

F L Y B A C K   P R O P E L L A N T   H A S  A S P E C I F I C   F U E L   C O N S U M P T I O N   O F  3500 SEC 

SECOND  STAGE  USES THE ABORT-ONCE-AROUND  FLYBACK  MODE  IAOA)  

F I R S T   S T A G E   H A S   L O X / M E T H A N E / L H Z   T h I P h O P E L L A N T   S Y S T E M  

W I T H  H 2  C O O L E D   H I G H   P C   E N G I N E S   ( V A C U U M  1SP = 3361.3SEC) 

S E C O N D   S T A G t  USkS LOX/LHZ  PROPELLANT  WITH  VACUUM ISP 466.7 SEC 

- T H E   D E S I G N   P A Y L O A D   S H A L L  Bk 500 K L B   I N T O  A C l R C U L A R  O R B I T  O F  

2 7 0  No M I L E S  AND  AN I N E R T I A L   I N C L l N A T l O N  OF 3106 D t G K k t S  

A S C k N l   S H A P E D   T U   1 H E   N O M I N A L   A S C E N T   M l S S I O N  

MkCO COND1TIONS ARE TO A H k O R E T I C A L   O R 6 I T  OF 169.22 N o H l L E S  

B Y  50.42 N e  M l L E S   ( C O A S T S  TO APO(;k€ OF A60 N . M I L k S )  

ON-OR611 D t L T A   V t L O C I l Y   R E Q U I K E M E N T  OF 1110 F t t T / b E C O N D  

"" RCS S Y S T k M   S I Z E D  FOR-A O t L T A   V E L O C l T Y  REUMT OF Z 2 G  F E E T / S E C M D  

T H E   V E H l C L E  SIZkD FOR A T H K U S I / W E I G H T   H A . 1 1 0   A T   L I F T - O F F   O F  1.30 



M A X I M U M   A X I A L   L O A D   F A C T O R   D U R I N G   A S C E N T  IS 3.G 6'5 

BJ 
I 
Y 
i-. 
0 

T R A J t C l O K Y   H A S  A MAXIMUM  AERO  PRkSSUKE OF 656 L B S / F T 2  
~~ 

M A X I M U M   A E R O   P R k S S U R E   A T   S T A G I N G   L I M I T E D  T O  25 L b S / F T 2  

D I R E C T   L N T K Y  FROM 270 N o M I L E S   A S S U M H E D   ( D k L T A  V = 415 F T / S E C )  

P F I G H T   P E k f U R M A h L L   K E S E R V L  = 0.75% T O T A L   C H A C   A S C L N T   V € L O C I l Y  

W E I G H T   S C A L I N G  P€R KLICKWkLL I K  AND D H L L V  STUDLES 

A W t I G H T  GKOWTH  ALLOWANC€ OF 15% IS ASSUMMED FOR B O T H   S T A G E S  

F I R S T   S l A G E   B U R N S  7995G60 POUNUS  OF  ASCErUl   PROPELLANT 

S E C O N D   S T A G E   ( O K B I T E R )   E N G I N E S   B U R N  5092633 L B S   O F   P R O P E L L A N T  
"" . "" ~ ~ 

S E C O N D   S T A L E   D R Y   W E I L H T   W l T H O U T   P A Y L O A D   k Q U A L S   7 1 9 5 0 3 . L B S  

SECOND  STAGk  ASSUMES 4 t N G I N E S  FOR A S C E N T   W l T H  1 DUT  FOR A B U T  

SECOND  STAGl i  E P L  1 H R U S T   L t V E L   F O R   A t i O R T  IS A12 Z FULL POWER 

SECOND STAGE O V E k A L L  8 O O S l E K  M A S S   F R A C T I O N  = 0.8489 W/O M A R G I N  

SECOND  STAGE  WkIGhT  BREAKDOWN : 

K € S I D U A L   H E I G H T  = 2070 POUNDS 

R E S E R V E S   w E l G H T  = 3500 POUNDS 

RCS  PRUP  WEIGHT = 17787 POUNDS 

F PH W E I G h T  = 20362 POUlYDS 

BURN-UUT A L T I T U D E   A T   S E C U N D   S T A G E   T H R U S T   T € h M I N A T J O N  50 No  M I L E S  

A D V A N C t b   T t C H N O L U t i Y  WILL BE C U M P A T A B L E   W I T H  THI: Y t A R S  1990 C ON 

A S C E N l   H L L V   S I Z l N G  RUNS  MADE  BY  R-LOPOWELL  (€XT 3703 S E A L   B € A C H )  



S TA GE 1 2 3 

GROSS  STAG€  WEIGHT, I L B )  15765263 .0   4882263 .0   4776883 .0  

GROSS S TAGE  THRUST/WE IGHT 1 .300  0 -973 0 -994 

THRUST  ACTUALv tLB)  20494SOO 00 47LOO C2.0  475000O 00 

I S P  VACUJMr ( S E C )  378.691 4 6 6  -700 466 0700 

STRUCTU Rk 9 ( L E  1 105 1005 .O 0.0 797077 .O 

PROPELLPNT.   (LB)  .~ 9 63 56bO O 1053110.0 3342640.0 

P€RF.  FRAC.,(NU) 0.6L 15 0 .  0216 0.6998 

PKOPELL ANT  FKAC.  (NUB 1 G 040 17 1 GOO0 C. 60 75 

BURNOUT T Z M E I  ( S t C  1 
'p 

___~-  161.591 1 7 1  -945 561 0 9 2 2  

E BURNOUT V t L O C I T Y ,   ( F T / S E C )  
P 

8472.344 6715.793 25954.094 

BURNOUT GAMMA, (DEGREES) 13 .I 37 12.3d6 0.187 

BURNOUT A L T I T U D E , ( F T )  "__ 185572 09 205651.7 319657.5 

BURNOUT  RANGE 1 (NH 1 51 07 63.6 6 A4 08 

I D E A L   V E L D C I T Y v ( F f / S E C )  11213 - 8  1 1 5 4 1 . 4  29607.5 

I N J t C T I W   V t L O C I T Y v  "___"" ( F l / S E C )  0 00 FLYBACK RAFIGt [NM)  2 18 .b 
I N J E C T I b V   P K O P L L L A N T ,   I L B )  0 00 f-L YBACK  PROP ( L t i S  1 192314 .Y 

ON ORB1 T D tLTA-V I   (FT /SkC)  1C83 08 
ON OkBI T PROPELLANT 9 ( L B  1 9 7 C O b  06 
ON UKBIT l S P ,  ( S € C )  466 -7 
"_ ~ . ." 

THETA= 27.73 P I T C H  RAT t= 0 o00193 A T T E M P T S T C % V t R G E =  3 

PAY  LOAD ( L U  1 5i4b157 .O 



SUMMARY WEIGH1 S l A T t M t N T   ( h O M I N A L   H I S S l O h )  CASE 26 

LRBITER WEIGHT BREAKDOWN 
DRY W€IGHT 719503.000 POUNDS - 
PERSONNEL 300O.O 00 POUNGS 
RESIDUALS 2oto.oao POUNDS 
K E S t K V E S  3 3 C O . O C O  POUNDS 
1N-F LIGHT  LOSSkS 10324.OCO POUNDS 
ACYS PROP ELLANT 17787.060 POUNDS 
OMS PROPELLANT 97008.562 POUNDS 
PAYLOAD 540157.030 POUNDS 
BALLAST FOR CG CONTROL 0.0 POUNDS 
OMS INSTA L L A T l O N  K l  TS G.0 POUNDS 
PAYLOAD MODS COO POUNDS 

EXTERNAL M A I N  TANK 

F 
TANK DRY WEIGHT __- 2640o000 POUNDS 
KESlDUALS  17523.000 PbUNDS 

& 
P PROPELLANT 6 l A S  i 2560.000 1 POUNDS 
hJ PRESSURANT ( 2061.000 1 POUNDS 

TANK AND L I N E S  ( 3352.000 1 Y O U V D S  
ENGINE 5 3550.0GO 1 POUNDS 

FL IGHT PERFORMANCE R€ S € k V E  
UNBURNED PROP€LLANT  (MAIN  TANK) 0.0 POUNDS 

_____ 2 0 9 3 G o O G O  POUNDS 

7 0 7 A L  END BOO57 (EXT€RhAL TANK) 41093.000 POUNDS 
USAbL€  PROPELLANT (LXTEKNAL TANK 1 5 092633.00 YOUNUS 

FLYBACK  PROPELLANT ( F I R S T   S T A G t )  

SOLID  ROCKET MOTOR ( F I R S T  STAGE) 9046065.00 POUNDS 
SHM CAS€ WEIGHT(2) 1 O51005.Ob POUNDS 
SKM STRUCTURE & KCVY WtlGHT 0.0 P O W  DS 
SKM INERT  STAL lN6  W E I G H T  1051005.00 POUNDS 

USABLE SRM PROPtLLANT 7 995G6G.O 0 POUNDS 

"___ 1923 1 4 . ~  7 5  POUNDS 

" - ~ ___ ~ 

TOTAL GROSS L IFT-OFF WEIGH1 (GLLIW) 15 765263.0 PUUN DS 



PROPELLANT SUMMARY FUK THE AbORT MODES FOR CASE 26 

ASCENT TRAJECTORY  SHAPED T O  THE NOMINAL  MISSlON MODE UP TO 171.945 SECONDS 

UNBURNED M A l N  PKOPELLAN'I  1N THE  ABORT MOD E = 0 00 POUNDS 

EXCESS  ON-ORBIT  PKOYELLANI I N  THE ABORT MODE = 3 00 9 1 03 12 POUNDS 

" UNBURNED MAIN PROPELLANT 1N THE KTLS MODE = 34'9875.625 POUNDS 

EXCESS  ON-ORBIT  PKUPELLANT 1N THE KTLS MODE = 0 00 POUNDS 

pd 
" MINUS  SIGN  INDlCATES  PROPtLLANT SHORTAGE I N  BURN MOUE INDlCATED 

+ 
r w 

SHUTTLE SYSIkM NET PAYLOAD  WIlHOUT ClMS K I l S  = 54C~157.000 POUNDS 

MAIN  PROP€LLANl  BURNED 1CI AUA/RTLS ABORT T I M E =  175C000.00 POUNDS 
- 

_.___._______ S W T T L k  GROSS LIFT-OFF WElGHT (GLOW)- = 15 765263 00 POUNDS 

PKOPELLANT CROSS FEED FKOM FIRST - SECOND S IAGk=   1644620 .00  POUNDS 

._ SLCOND ~_ STAGE PRUPtLLANT C A P A C l T Y  - CROSS FEkD = 3446013.00 POUNDS 



__ GENERAL ASCENT  TRAJECTORY AND S IZ ING PROGRAM  BY RoLoPOWELL 

DATE - 01/19/79 TIME - 17:56854 

SATELLITE POWER SYSTEM (SPS) CONCEPT DEFINITION STUDY 

TWO-STAGE VERTICAL  TAKE-OFF HORIZONTAL LANDING HLLV CONCEPT 

BOTH STAGES HAVE FLYBACK C A P A B I L I N  TO LAUNCH SITE LKSC) 

_"___ FIRST STAGE ___ HAS AIRBREATHER FLYBACK AND LANDING  CAPABILITY 

FLYBACK PROPELLANT HAS A SPECIFIC FUEL CONSUMTION O f  3500 SEC 

S E C W D  STAGE  USES THE ABORT-ONCE-AROUND FLYBACK MODE (AOA) 

FIRST STAGE  HAS LW/RP/LH2 TRIPROPELLANT SYSTEM 

WITH H2 COOLED HIGH PC  ENGINES (VACUUM I S P  = 35203 SEC) 

SECOND STAGE USES LOX/LH2 PROPELLANT WITH VACUUM I S P  46607 SEC 

THE DESIGN PAYLOAD SHALL BE 500 KLB  INTO A CIRCULAR ORBIT OF ___-__ 

270 No MILES AND  AN INERTIAL  INCLINATION OF 31.6 DEGREES 

ASCENT SHAPED T O  THE NOMINAL ASCENT MISSION 

- MECO CONDITIONS - ARE  TO A THEORETICAL ORBIT OF 169022 NoMILES 

BY 50.42 No MILES (COASTS TO APOGEE O f  160 NoMILES) 

ON-ORBIT DELTA V t L O C I M  RtQUIREHtM O f  1110 FEET/SECOND 

RCS  SYSTEM SIZED FOR A DELTA VELOCITY REQMT OF 220 FEEf/SECWD 

THE VEHICLE  SIZED FOR A THRUST/YEIGHT RATIO AT LIFT-OFF OF 1.30 



HAXIHUH  AXIAL  LOAD FACTOR DURING ASCENT I S  300 G'S 

TRAJECTORY HAS A MAXIMUM AERO PRESSURE OF 650 LBS/FTZ 

HAXTWM AERO PRESSUREATSTAGING  L IMITED TO 25 LBS/FTZ 

DIRECT ENTRY FRDM 270 NOMILES  ASSWMED  (DELTA V = 415 FT/SEC) 

PFIGHT PERFORMANCE RESERVE = 0075% TOTAL CHAC ASCENT VELOCITY 

WEIGHT SCALING PER  ROCKWELL I R  AND D HLLV  STUDIES 

A WEIGHT GROWTH  ALLOWANCE OF 152 I S  ASSUMRED  FOR BOTH STAGES 

F I R S T  STAGE BLlRNS 7995060 POMDS OF ASCENT PROPELLANr 
~ - _ _ _  ". 

SECOND STAGE (oRBTTER-CENGINES BURN 5092633 LBSOFPROPELLANT 
___- 

SECOND STAGE DRY WEIGHT WITHOUT PAYLOAD EOUALS 715166 LBS 

SECWD STAGE THRUST LEVEL a STAGING EQUALS 4750000 LBS 

S E C m T m S S U S U ) I E S  4 ENGINES FOR ASCENT WITH 1 OUT  FOR  ABORT 
- 

k SECOND STAGE EPL THRUST LEVEL FOR  ABORT I S  112 0 FULL POWER 

SECOND STAGE OVERALL BOOSTER MASS FRACTION = 008489 W/O MARGIN 
" ____"____ 

SECOND  STAGE WEIGHT BREAKDOWN t 

RESIDUAL WEIGHT = 2070 POUNDS 

RESERVES WEIGHT = 3300 POUNDS 

FPR WEIGHT = 20202.POUNDS 
- 

RCS  PROP WEIGHT * 17648 POUNDS 

BURN-OUT ALTITUDE  AT SECOND STAGE THRUST TERMINATION f 50 No MILES 
___ 

ADVANCED TECHNOLOGY WILL BE"C-@iPxTABLE WITH-THE YEARS-1390  & ON 



VEHICLE  CHARACTEftISTICS (NOMINAL MISSION) CASE 35 

STAGE ___ 1 2 3 

GROSS STAGE WEIGHTt I L B )  1660420400 502179700 4894494.0 

GROSS STAGE THRUST/WEIGHT 1.300 0 m94 6 0 09 70 

____ THRUST ACTUAL _____ t 1 LB ) 21585424 00 4750000mO 4750000.0 

I S P  VAC W M ,  (SEC 1 466,500 466 m100 466 0700 

STRUCTURE t L LB) 159 6503 -0 0.0 79 1663 00 

" 

.. ..  PROPELI, - ANTI.!CB) _ _ _  ___-._ 9667757 .O ~ 127303.0 3293366mO - 

PERF,  FRACm t (NU)  0058 22 0,0254  0,6729 

PROPELLANT FRAC.8 (NUB 1 0.85 83 100000 O m  8062 

BURNOUT T I M E t  4 SEt)- 164.3 50 176 08 5 8 501 196 

e BURNOUT VELOCITY8 (FTISEC) 95920059  9888.875  25954o094 
OI 

BURNOUT G AHMA t ( DEGR EE S 1 11.793 10 0415 0.187 

BURNOUT ALTITUDE8  LFT) ~ 195681 a 4  218899.2 - 319657.2 - 

BURNOUT  RANGE 8 (Nn ) 65 02 82 m 0  864.2 

IDEAL  VELOCIfY~(FT/SEC) 12154 m 0  1253905 29318.1 

OM ORBIT DELTA-Vt (FT/SEC). 1086 m9 
O f F U R B l T P - R D P E L L A N T  t 1 LE 1 10 8996 m 7  

OM ORBIT ISPt I SEC) 466 07 



SUMMARY WEIGHT STATEMENT (NOMINAL  HISSION) CASE 35 

ORBITER WEIGHT BREAKDOWN 
DRY WEIGHT 715166.000 POUNDS 

RESIDUALS 207OoOOO POUNDS 

"" ___ 
PERSOWEL 

" - ". - 
3OOOoOOO POUNDS 

- 

RESERVES 33000000 POUNDS 
IN-FLIGHT LOSSES 10243.000 POUNDS 
ACPS PROP ELLANT 1?6480000 POUNDS 
OMS PROPELLANT __ 1089960687 POUNDS 
PAYCDAtT---"- 7004680000 PO-COS 

~~ ~ 

BALLAST FOR CG CONTROL 0.0 POUNDS 
OHS INSTALLATION  K ITS 000 POUNDS 
PAYLOAD HOOS 0.0 POUNDS 

TOTAL END BOOST 4 ORBITER  ONLY) 1560891 000 POUNDS - _ _  ~" "" ~ "" __ "" - 

OMS BURNED DURING ASCENT 000 POUNDS 
ACPS BURNED DURING ASCENT 0.0 POUNDS 

EXTERNAL MAIN TANK 
TANK DRY WEIGHT 2640.000 POUNDS 

" -. . , - __. - 

'p RES-IDUALS 1?%9&.000 POLNDS L PROPELLANT B I A S  ( 25460000 ) POUNDS 

- 

u PRESSURANT t 2065mOOO ) POUNDS 
TANK AND L I N E S  1 9279.000 POUNDS 
ENGINES ( 3522.000 ) POUNDS 

FLIGHT PERFORMANCE RESERVE 202020000 POUNDS 
UNBURNE~-PR-~-~ELLANT(~-I~"TAN~ 1 0.0 POUNDS 

__. ". - - -. -. " .___ -___ 

TOTAL END BOOST (EXTERNAL  TANK) 40236.000 POLNDS 
USABLE PROPELLANT (EXTERNAL TANK 1 5093361.00 POUNDS 

FLYBACK PROPELLANT ( F I R S T  STAGE) 318146.187 POUNDS 

SOLID ROCKET  HOTOR l F I R S T  STAGE) 9591563.00 POUNDS 
SRH CASE WEIGHT(2) 1596503.00 POUNDS 
S v  t RLV- 0.0 POWOS 
SRM INERT  STAGING  WEIGHT 1596503.00 POUNDS 

__- -. - .~ - - -___-___ " " 

TOTAL GROSS LIFT-OFF  YEICHT (GLOW) 16604204mO POUNDS 



PROPELLANT SUMMARY FOR THE ABORT MODES FOR CASE 
~ _ _ _ _ _  - "~ 3 5" 

ASCENT TRAJECTORY SHAPED T O  THE  NOMINAL  MISSION MODE UP TO 1760858 SECONDS 

U NB lb?JWmKINPROPELLANtfNFABORT MOD E = 0 00 POUNDS 

EXCESS  ON-ORBIT  PROPELLANT I N  THE ABORT  MODE = 40335.250 POUNDS 

UNBURNED MAIN PROP€LLANT I N  THE RTLS MODE = -31336.000 POUNDS 

EXCESS ON-ORBIT  PROPELLANT I N  THE  RTLS MODE = 0 00 POUNDS 

- . . . . -. .. ". ". . - - ~ __ " - ~ "" - - - - 

"~ MINUS  SIGN  INDICATES PROPELLANT SHORTAGE I N  BURN W D E   I N D I C A T E D  
Y r 

"" 

W 

SHUTTLE SYSTtW N t l  PAYLOAD WITHOUT OMS K I T S  = fO0668.660 POUNDS 

M A I N  PROPELLANT BURNED TO AOAIRTLS ABORT TIMES 18OOOOOoOO POUNDS 

.~ SHUTTLE GROSS LIFT-OFF WEIGHT (GLOW) = 16604204.0 POUNDS 
.. ~ __ 

PROPtLLANT CROSS FEED FROM FIRST - CON0 STAGE - - 6 t2697.00 POUNDS 

SECOND STAGE PROPELLANT C A P X  ITY - CROSS FEED f 3420664.00 POUNDS 
.~ . ." . . . .  .. . ~- ." ~ . .. . ." ." - "" . . ~. . . .... - .~ . .. . - - _____ 



APPENDIX C. ELECTRIC  ORBITAL  TRANSFER  VEHICLE S I Z I N G  



APPENDIX C 

ELECTRICAL  ORBITAL  TRANSFER  VEHICLE SIZING 

c.0 INTRODUCTION 

The d a t a   c o n t a i n e d   h e r e i n  relates t o   p r e l i m i n a r y   s i z i n g   o f   l a r g e  e l ec t r i c  
o r b i t a l   t r a n s f e r   v e h i c l e s  (EOTV) capable   of   del iver ing  payloads  f rom LEO t o  
GEO of t he   o rde r   o f  5X106 kg  and  re turn  payloads  (payload  packaging)   of   10%  of  
t h e  LEO t o  GEO p a y l o a d .   T o t a l   t r i p  times are o f   t he   o rde r   o f  2700 hours .  

The b e n e f i t s   t o   b e   d e r i v e d   f r o m   e m p l o y i n g   l a r g e   e l e c t r o n  bombardment i o n  
th rus t e r   sys t ems   u s ing   a rgon   p rope l l an t   have   been   d i scussed   i n   Re fe rences  1, 
2 ,  and 3.  Maximum u s e f u l   t h r u s t e r   s i z e   ( d i a m e t e r )   f o r   s i n g l e   g r i d .   s y s t e m s  
have   been   es t imated   in   Reference  3 where i t  was shown t h a t   t h r u s t e r   s y s t e m  
c o s t  i s  r e l a t i v e l y   i n s e n s i t i v e   t o   t h r u s t e r   s i z e .  A g r i d  set  s p a n   t o   g a p   r a t i o  
of 600 is cons idered  a p r a c t i c a l  l i m i t .  I n   t h i s   s t u d y ,   t h e   s p a n   t o   g a p   r a t i o  
problem is  a l l e v i a t e d  by a s suming   mu l t ip l e ,   concen t r i c   g r id  sets up t o   t h r e e  
as r equ i r ed .   F ive   g r id  sets h a v e   b e e n   t e s t e d   i n   t h e   l a b o r a t o r y  a t  NASA Lewis  
Research  Center (LRC). Sovey  (Reference 3 ) ,  wi th   t he   he lp   o f   Ch i ld ’ s  l a w ,  h a s  
de te rmined   an   empir ica l   express ion  f o r  t h e   a b i l i t y   o f  a g r i d  set  t o   e x t r a c t  
t h e  maximum i o n   c u r r e n t   ( p e r   h o l e )   f o r  minimum t o t a l   a c c e l e r a t i n g   v o l t a g e  
(Perveance  l imit) .   Beyers   and  Rawlin  (Reference  1)   have  projected  the  per-  
formance  of  100 cm d i a m e t e r   t h r u s t e r s   b a s e d   o n   i d e n t i f i e d   c o n s t r a i n t s   s u c h  as 
perveance  and  temperature.  They i n d i c a t e   t h a t   t h r u s t e r s   m i g h t   o p e r a t e  a t  tem- 
p e r a t u r e s  as high  as 1900 K. However,  they  used a conse rva t ive   t empera tu re   o f  
9 7 3  K (where t h e   g r i d s   b e g i n   t o   g l o w )   i n   t h e i r  own work.  Since molybdenum 
grids   have  survived  temperatures   of   1900 K fo r   s eve ra l   hundred   t housand   hour s  
w i t h o u t   s i g n i f i c a n t   c r e e p   ( R e f e r e n c e s  4 and 5 ) ,  1900 K was taken as the   uppe r  
tempera ture  limit i n   t h i s   s t u d y .  

The EOTV s i z i n g   p h i l o s o p h y   u s e d   i n   t h i s   s t u d y  is i n  harmony wi th   t he   ph i -  
losophy  found  impl ic i t ly   in   References  1 and  3.  That is ,  s i n c e   t h r u s t e r   s y s t e m  
c o s t  is  r e l a t i v e l y   i n s e n s i t i v e   t o  component s i z e ,  a c o n s i d e r a b l e   c o s t   s a v i n g s  
can  be  achieved by o p e r a t i n g  a t  h i g h   t h r u s t  levels w i t h  a small number  of 
l a r g e   d i a m e t e r   t h r u s t e r s .   T h i s  i s  i n   l i e u   o f  a l a r g e  number of  small t h r u s t e r s  
which  impose a severe burden   on   o rb i t a l   l abo r   w i th   r e spec t  t o  b o t h   c o n s t r u c t i o n  
and  refurbishment.  The l e n g t h s  of electrical  c o n d u c t o r s   a n d   p r o p e l l a n t   l i n e s  
can  be many k i l o m e t e r s   f o r  small d i a m e t e r   t h r u s t e r s .   F u r t h e r ,   t h e   r e d u c t i o n  
i n   t h e  number   o f   components   assoc ia ted   wi th   l a rge   d iameter   th rus te rs   impl ies  
a n   i n c r e a s e   i n   - s y s t e m   r e l i a b i l i t y .  

The g r i d  sets are m o r e   s u b j e c t   t o   f a i l u r e   t h a n   o t h e r   t h r u s t e r   c o m p o n e n t s  
because of bombardment  by s ingly   and   doubly   charged   ions .  It is t h e r e f o r e  
assumed t h a t   t h e   g r i d  sets w i l l  b e   r e f u r b i s h e d   a f t e r   e a c h   r o u n d   t r i p .  When 
l a r g e   p a y l o a d s  are r e t u r n e d  i t  may b e   n e c e s s a r y   t o   r e f u r b i s h   o r   r e p l a c e   g r i d  
sets more  of ten,  i .e.,  af ter  each   pay load   t r ans fe r .  The g r i d  set lifetime as 
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a func t ion   of  beam cur ren t   (ope ra t ing   t empera tu re )  i s  n o t  known f o r   t h e   o p e r a -  
t i o n a l  time per iod   under   cons idera t ion .   There  .is c u r r e n t l y  a t  least  a decade 
t o  improve   th rus te r   s ta te -of - the-ar t .  The d a t a   p r e s e n t e d  w i l l  t h e r e f o r e  re- 
f l e c t  what is  be l i eved   t o   be   t he   t echno logy   o f   t he   nex t   decade .  

The choice   o f   a rgon  as the   work ing   f l u id  is  based  upon i t s  great   abundance 
a n d   e n v i r o n m e n t a l   s u i t a b i l i t y .  Argon is  c u r r e n t l y   o b t a i n e d  as a by-product i n  
a i r  r educ t ion   p rocesses .  The one   b i l l ion   k i lograms  of   a rgon   produced   annual ly  
are l a r g e l y   d i s c a r d e d   t h u s   a f f o r d i n g  a readiLy  ava i lab le   and   low  cos t   p rope l -  
l a n t .  

C. 1 STUDY GUIDELINES 

The  following  ground  rules  and  assumptions were employed f o r   t h e  EOTV 
s tudy  : 

Th.e LEO p a r k i n g   o r b i t  i s  a t  500 km a l t i t ude   and   31 .6   deg ree  
i n c l i n a t i o n .  

T r a n s f e r  time from LEO t o  GEO w i l l  be  120  days  of  which 20 days 
is. i n   t h e   E a r t h ' s  shadow. 

The v e h i c l e s  w i l l  e i t h e r   r e t u r n  empty or wi th   t en   pe rcen t   o f   t he  
up  payload. 

Ten percent   o f   the   payload  mass i s  packaging. 

The p r o p e l l a n t   u t i l i z a t i o n   e f f i c i e n c y  is  0.82. 

The s t e a d y  s ta te  loss in  t h r u s t   b e c a u s e   o f   i o n  beam divergence  is  
f i v e   p e r c e n t .  AD = 0.95. 

9 The t h r u s t   v e c t o r   s t e e r i n g  loss i s  f i v e   p e r c e n t .  ys = 0.95. 

Gal l ium  aluminum  arsenide  solar  ce l l s  are used  with  an  assumed 
s e l f   a n n e a l i n g   c a p a b i l i t y  a t  125°C. I t  i s  assumed t h a t  a l l  
e l e c t r o n  damage d u e   t o   r a d i a t i o n  i s  annealed  out   and  only  proton 
damage r e s u l t s   i n   d e g r a d a t i o n   t o   t h e   c e l l .   T h o s e   l o s s e s  are 
assumed as fo l lows  : 

4% non-annealable loss due   t o   p ro ton  damage over  10  yea r  l i f e  
6% plasma loss when o p e r a t i n g   i n  LEO 
5% loss d u e   t o   p o i n t i n g   e r r o r s  
6% loss i n   l i n e  due t o   v o l t a g e   d r o p  - 

21% t o t a l  loss  i n   s y s t e m   e f f i c i e n c y  

Electric gower is  provided  by two SPS pane l s   w i th  a b l anke t  area o f  
900,000 m . S o l a r   r e f l e c t o r s  are employed  with a c o n c e n t r a t i o n   r a t i o  
of  2. 

A plane  change  with optimum s t e e r i n g   t o   t h e   e q u a t o r i a l   p l a n e  i s  
assumed  with a ve loc i ty   increment  of 5688 m / s .  
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A p r o p e l l a n t  reserve of  0.75 pe rcen t  is assumed e f f e c t i v e l y  
i n c r e a s i n g  AV t o  5730 m / s .  

9 A t t i t u d e   h o l d   o n l y  is employed  during  per iods  of   Earth shadow- 
i n g .   I o n   t h r u s t e r s  powered  by s t o r a g e   b a t t e r i e s   p r o v i d e   t h e  
r e q u i r e d   t h r u s t .  

Advanced s t o r a g e   b a t t e r i e s  are u s e d   t h a t   y i e l d  200 wat t -hours/  
kg of electrical  energy. 

C .  2 ESTIMATING  RELATIONSHIPS 

The necessa ry   fo rmulas   fo r   e s t ima t ing  electric t h r u s t e r   s y s t e m   p a r a m e t e r s  
and  payload masses are p resen ted   he re in .  An a t t empt  is made t o   e n s u r e   t h a t   t h e  
e s t i m a t i n g   r e l a t i o n s h i p s  are s e l f - c o n s i s t e n t ,   r e a l i s t i c   f o r   t h e   s e c o n d   d e c a d e ,  
and   t ha t  power and  energy are conserved.  Each  formula i s  d i scussed ,   r e f e renced  
when requi red ,   and   der ived  when p r e s e n t e d   f o r   t h e   f i r s t  time, o r  when a d d i t i o n a l  
c l a r i t y  is  j u s t i f i e d .  

An o b j e c t i v e   o f   t h i s   s t u d y  is to   take  advantage  of   economies  of  scale. 
Th i s   coup led   w i th   t he   des i r e   t o   have   l a rge r   t h rus t e r s   and   f ewer   componen t s  
l e a d s   t o   h i g h   g r i d  set  tempera tures .   Gr id   t empera ture  was t h e r e f o r e  a d r i v i n g  
independen t   va r i ab le   i n   t h i s   s tudy ,   and   r anged   f rom 1900 K down t o  1000 K. For  
each   tempera ture   se lec ted ,   th ree   maximized   dependent   var iab les  are au tomat ica l -  
l y   d e f i n e d ,  i . e . ,  t o t a l   e x t r a c t i o n   v o l t a g e  (VT), maximum t h r u s t e r   d i a m e t e r   ( d ) ,  
and m a x i m u m  beam c u r r e n t  (JB). 

C.2.1 Tota l   Ex t r ac t ion   Vo l t age  - VT (Volts) 

R e f e r r i n g   t o   F i g u r e  C-1, VT i s  the   po ten t i a l   d i f f e rence   be tween   t he   anode  
and t h e   a c c e l e r a t o r   g r i d .  The t o t a l   e x t r a c t i o n   v o l t a g e  is  l i m i t e d  by the  a l low- 
ab le   g r id - se t   t empera tu re ,   and   fo r   t he  maximum th rus t e r   pa rame te r s   cons ide red  
he re ,  it is u n i q u e l y   r e l a t e d   t o   o p e r a t i n g   t e m p e r a t u r e .   T h a t  is ,  

VT 0.012307T'*7778 

independent  of t h r u s t e r   d i a m e t e r .   E q u a t i o n  (1) i s  derived  from  work by  Sovey 
(Reference  3)  who found  that   the   average  measured  temperature   of   the   gr id-set  
corresponded  to a model g r i d   w i t h   a n   e m i s s i v i t y   o f  0.4,  t h a t   a b s o r b e d  25 p e r -  
cen t   o f   t he   d i scha rge  power.  The d ischarge   chamber   loss  EI w a s  t a k e n   t o   b e  
200 f o r  argon.. 

C.2.2 Net Accelera t ing   Vol tage  - VN (Volts)  

Once a g a i n   r e f e r r i n g   t o   F i g u r e  C-1, VN, is t h e   p o s i t i v e   p a r t   o f  VT, re- 
s p o n s i b l e   f o r   i m p a r t i n g   t h e   i n i t i a l  momentum t o   t h e   i o n i z e d   a r g o n .  

Fo r   conven ience   t he   r a t io  R is used   t o  relate VN and VT, i .e . ,  

Thrus te rs   have   been   opera ted   wi th   va lues   o f  R ranging  f rom 0.2 t o  0.9. 
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Figure C-1. Argon Ion  Thruster Module 
(not t o  scale), Modified from Reference 1 

C.2.3 P r o p e l l a n t   U t i l i z a t i o n   E f f i c i e n c y  - nu 

The e l ec t r i c  i o n  bombardment t h r u s t e r   o p e r a t e s  by   acce lera t ing   a rgon ,  or 
o t h e r   s u i t a b l e   i o n s ,   t o   h i g h   s p e e d s   b y   s u b j e c t i n g  them t o  a s u i t a b l e   p o t e n t i a l  
d i f f e r e n c e .   I n   t h e   t h r u s t e r s   c o n s i d e r e d   h e r e ,   a r g o n   g a s  i s  f i r s t   i n t r o d u c e d  
i n t o   t h e   t h r u s t  chamber  and  ionized  by a vo l t age   o f   abou t  40 v o l t s  which is  
high  enough  to   ionize  argon  a toms  with a s i n g l e   i m p a c t .  The f i r s t   i o n i z a t i o n  
p o t e n t i a l  is: 15.755 e l e c t r o n   v o l t s .  Argon  atoms t h a t  are i n i t i a l l y   e x c i t e d  
b u t   n o t   i o n i z e d ,  may o c c a s i o n a l l y  become doub ly   i on ized   ( r equ i r ing  43 .38  ev). 
Doubly ion ized   a rgon   a toms   a r e   ap t  to bombard t h e   g r i d   s t r u c t u r e ,   c a u s i n g  
damage ( s p u t t e r i n g )  and   pena lyz ing   th rus t   and   spec i f ic   impulse .  

I n   a d d i t i o n ,  some o f  t h e   p r o p e l l a n t  remains un-ionized  and i s  exhausted 
a t  low speed as a d i f f u s i n g   h o t   g a s .  It is n e c e s s a r y   t h e r e f o r e   t o   i n t r o d u c e  
a p e n a l t y ,  nu ,  on b o t h   t h r u s t  and s p e c i f i c   i m p u l s e   t h a t  can be  determined  by 
measurement. The parameter  nu is c a l l e d   t h e   p r o p e l l a n t   u t i l i z a t i o n   e f f i c i e n c y .  
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By making two reasonable   assumpt ions ,   one   can   acqui re  a f e e l i n g   f o r   p r o -  
p e l l a n t   u t i l i z a t i o n .   F i r s t ,   a s s u m e   t h a t  a l l  s ing ly   cha rged   a rgon   i ons  are 
a c c e l e r a t e d   t o   i d e n t i c a l   s p e e d s ,  v, by the n e t   p o t e n t i a l   d i f f e r e n c e  VN. 
Second ,   a s sume   t ha t   t he   f r ac t ion  of doubly  charged  ions is small compared t o  
t h e   f r a c t i o n   o f   s i n g l y   c h a r g e d   i o n s .  Then  from  conservation  of momentum 

k k 
C v i m i = v  E m  = G m  

i= 1 i= 1 i P 

where v = VI = v2 = - - - = Vk - i o n   s p e e d ,  

v = mean speed  of a l l  exhaus t  materials, 
- 

and mp = mass of   exhaus ted  material ( i o n s   a n d   n e u t r a l s ) .  

The p r o p e l l a n t   u t i l i z a t i o n   e f f i c i e n c y  i s  then  def ined  by 

k 

where  the limits on nu  a p p l y   t o   i o n i z e d   a r g o n .  

C.2.4 Speci f ic   Impulse  - Isp (seconds)  

Ac tua l   spec i f i c   impu l se   can   be   de f ined  by 
- 
V 
- 

I s p  - - g 

where g = 9.807 m / s 2  t h e  mean a c c e l e r a t i o n   o f   g r a v i t y .   T h i s   c a n   a l s o  .be 
expres sed   i n  terms of e lec t r ic  parameters. I f   i o n s   a r e   a c c e l e r a t e d   t h r o u g h  
a p o t e n t i a l   d i f f e r e n c e  VN one  can write (summing i from 1 t o   k )  

f C q v i 2  f v2  k m - E q i  VN (5) 

where q i  i s  the   charge  on  each  ion  of  mass m. Solv ing  Eq. (5) f o r  v2 
y i e l d s  

and 
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The r a t i o   o f   c h a r g e   t o  mass f o r   a r g o n  is 

q/m = 2.4162~10~ C/kg, 

and 

'7, = 0.82. 

A f t e r   s u b s t i t u t i n g   t h e   n u m e r i c a l   v a l u e s   f r o m  Eq. ( 7 )  i n t o  Eq. (6) one   ob ta ins  

I = 223.96 nu V N e e 5  
SP 

= 183.65 VNo seconds,  

and  conversely 

vN = 1.994 I 2 / ( ~ u 2 x 1 0 5 )  
SP 

= 2.9655 I v o l t s .  
SP 

Spec i f i c   impu l se  as a f u n c t i o n   o f   v o l t a g e   r a t i o   a n d   g r i d   t e m p e r a t u r e  i s  d e p i c t -  
ed i n   F i g u r e  C-2. 

I d e a l  or "electrical" s p e c i f i c   i m p u l s e  i s  o b t a i n e d   b y   s e t t i n g  n u  e q u a l   t o  
u n i t y .  The spec i f i c   impu l se   u sed   he re in  is  as d e f i n e d   i n  Eq. (6). It is based 
on  conservat ion  of   energy  and momentum a n d   y i e l d s   e i t h e r  a maximum ion  speed 
(nu=l)  or a mean propel lan t   exhaus t   speed .  The f a c t   t h a t   t h e  beam may be 
d iverg ing   and   producing  a u s e l e s s  component o f   t h r u s t  w i l l  be   cons idered  l a t e r  
by   in t roducing  a t h r u s t   e f f i c i e n c y  term, Y t .  Th rus t  i s  a measurab le   quan t i ty  
and, i n  p a r t i c u l a r ,   t h e   u s e f u l   t h r u s t   a l o n g   t h e   t h r u s t e r   a x i s   c a n   b e   d e t e r m i n e d .  

E s t i m a t e d   t h r u s t   v e c t o r   s t e e r i n g   l o s s e s  (ys) w i l l  a l so   be   i n t roduced  a t  
t h e  same time. With t h i s   a p p r o a c h   t h e r e  i s  no  pseudo  modification  of maximum 
o r  mean p rope l l an t   exhaus t   speeds   o r  of s p e c i f i c   i m p u l s e .  The mod i f i ca t ion  
comes in t h e   t o t a l   p r o p e l l a n t  mass f o r  rate (Ap); p a r t  of i t  diverges   and  does 
no useful   work.   This  i s  t aken   in to   account   empir ica l ly   and   avoids   g iv ing   the  
impression o f  an  improvement i n   s p e c i f i c   i m p u l s e .  

F a c t o r s   w h i c h   e n t e r   i n t o  beam d ivergence   inc lude :  (1) e lec t r ic  f i e l d   i n -  
t e n s i t y   d i v e r g e n c e ;  (2) mutual   repuls ions   o f   s ing ly   and   doubly   charged   ions ;  
(3)  t he   app l i ed   magne t i c   f i e ld ;   and  ( 4 )  t he   d i scha rge   power   t ha t  creates t h e  
ions .  The d i scha rge  may be ten pe rcen t  or more   o f   t he   t o t a l  power  provided. 

C.2.5 Maximum T h r u s t e r  Diameter - Dh (cm) 

An e x p r e s s i o n   f o r   t h e  m a x i m u m  u s e f u l  beam d iame te r ,  Db, which i s  tantamount 
t o   t h e  maximum u s e f u l   t h r u s t e r   d i a m e t e r ,   d ,  was p r e s e n t e d   i n   R e f e r e n c e  2: 

d = 1.5~10'~ I m/nU2R 
SP 
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F i g u r e  C-2.  Specific i m p u l s e   a s  a f u n c t i o n  o f  v o l t a g e  
r a t i o 8  R 8  f o r  o p e r a t i o n   a t   t e m p e r a t u r e s   i n d i c a t e d .  

where m = 39.948,  the  molecular  weight of a rgon ,   Tak ing   t h i s   va lue   €o r  m y  w i t h  
the   he lp   o f  E q s .  (8)  and (1) , and  Using  0.82  for rlu Yie lds  

d = 8.9117XlO” I ‘/R, 
SP - 3.0051X10’’ VT (cm) 

The s t r a i g h t   d a s h e d   l i n e  i n  F igu re  C-3 is a p l o t  of VT v e r s u s  maximum 
t h r u s t e r   d i a m e t e r   b a s e d  on  Reference  2.  The maximum ope ra t ing   t empera tu re  
cor responding   to  VT is shown as a s o l i d   l i n e  which is  a l m o s t   l i n e a r   o v e r   t h e  
range  o f  VT (5100 t o  8300 v o l t s ) .  

C.2.6 Maximum Beam Current  - Jg (Amperes) 

The a c c e l e r a t o r   s y s t e m ,   c o n s i s t i n g   o f  a s c r e e n   g r i d   a n d  an a c c e l e r a t o r  
gr id   (F igure   C- l ) ,   imposes  a b a s i c   l i m i t a t i o n  on the o b t a i n a b l e  beam c u r r e n t  
dens i ty   because  of the  ”perveance” limit. The  perveance limit i n   e f f e c t   d e t e r -  
mines  the  point   where  any increase in  t h e   t o t a l   a c c e l e r a t i n g   v o l t a g e ,  VT, r e s u l t s  
i n   h i g h   v o l t a g e  breakdown. 
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Figure C - 3 .  T o t a l   , e x t r a c t i o n   v o l t a g e   v e r s u s   s e l e c t e d  
g r i d - s e t   o p e r a t i n g   t e m p e r a t u r e s ,   b a s e d  on E q .  (11, and 
t h r u s t e r   d i a m e t e r ,   b a s e d  on E q .  ( 1 1 ) .  

Sovey  (Reference  3)  has  determined an e m p i r i c a l   r e l a t i o n s h i p  for argon 
t h r u s t e r s   w h i c h   y i e l d s   t h e  m a x i m u m  p r a c t i c a l   i o n   c u r r e n t ,  JB, f o r   d i s h e d   g r i d  
sys t ems ,   ope ra t ing   nea r   t he  minimum gap  (0.06 L 0.008 cm) . This  is given  by 

JB = 4 .97  d2  VT2*25x10"0 ( 1 2 )  

where JB - beam current   (amps) ,  

and d - maximum t h r u s t e r   d i a m e t e r  (cm). 

The maximum v a l u e   f o r  VT has   a l ready   been   g iven   by  Eq. (1) where  the select= 
ed   ope ra t ing   t empera tu re ,  T ,  i s  the   i ndependen t   va r i ab le .   In   t e rms   o f  T ,  t h e  
maximum beam c u r r e n t  becomes 

JB = 2 .5072  d2T4 

C.2 .7  Beam Electrical  Power - PB (Watts) 

The beam electrical  power is given  by 
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The beam power is c o n t r o l l e d  by the mass flow rate of a r g o n   e n t e r i n g   t h e  
t h r u s t  chamber.  The d i scha rge  power,  Pd,  which is t h e  power  expended i n   i o n i z -  
ing  the  incoming  argon  gas ,  i s  n e c e s s a r y   i n   o r d e r   t o   h a v e   a n   i o n  beam b u t  is  n o t  
p a r t   o f   t h e  beam  power. A p l o t   o f   t h r u s t e r  module  power as a func t ion   of   ex t rac-  
t i o n   v o l t a g e   r a t i o ,  R, fo r   ope ra t ing   unde r   cond i t ions   o f  maximum beam power and 
t h r u s t e r   s i z e  (as determined by the   perveance  limit, a g r i d - s e t   s p a n   t o   g a p   r a t i o  
of 600) fo r   va r ious   ope ra t - ing   t empera tu res  is shown i n   F i g u r e  C-4. 



C.2.8 T h r u s t e r  Module E l e c t r i c a l   E f f i c i e n c y  - ?“le 

The electrical  power e f . f i c i ency ,  ne, of  a t h r u s t e r  module in ach iev ing  a 
beam power,  PB, i s  given  by 

pB 
= PB + PGS + PD  PN 

where PGS = Grid set  lo s s* ,  
0.0025 JBVN,  ( an   empi r i ca l   va lue )  

PD = Discharge  power  loss*,  
= 200 JB, 

and PN = Beam n e u t r a l i z a t i o n   l o s s * ,  - 300 Watts (assumed  constant) .  

I n  terms of   vo l tages   and   cur ren ts  

J ~ V ~  
‘le JBVN + 0.0025 JBVT + 200 JB + 300 

5 RvN 
RVN + 200 R + 0.0025 VN + 300 R / J B  

P 

(”  + ’*””) ‘N 

. .1 
200 300 + - + -  

pB 

For   t he   l a rge ,   h igh  power t h r u s t e r s   c o n s i d e r e d   i n   t h i s   s t u d y   t h e   e f f i c i e n c y  
may be  approximated  by 

within  0 .6% a t  the  extremes.  When t h e  beam power i s  small (i.e.,  5 300 W) 
Eqs. (15) and  (16)  should be used. 

A p l o t   o f   t h r u s t e r  electric e f f i c i e n c y   v e r s u s  R i s  p r e s e n t e d   i n   F i g u r e  C-5 
f o r  six va3ues  of Isp. A temperature   of   1900 K was cons ide red   t he  maximum allow- 
ab le   €o r   ex t ended   ope ra t ion   o f  molybdenum g r i d s .   T h i s  i s  indicated  by  the  dashed 
l i n e   i n   F i g u r e  C-5. Opera t ion   i n   t he   shaded  area i s  no t   pe rmi t t ed .  A t  t hese  
h igher   t empera tures  i t  i s  assumed t h a t   t h e   g r i d s  would   be   rep laced   per iodica l ly .  

I n   F i g u r e  C-6 t h e  e lectr ical  e f f i c i e n c y  is p l o t t e d   a g a i n s t  R f o r   v a r i o u s  
se l ec t ed   ope ra t ing   t empera tu res .  The e f f i c i e n c y   i n c r e a s e s   w i t h   g r i d - s e t  
temperature ,   and a t  a g iven   t empera tu re ,   a l so   i nc reases   w i th  R. 

*Based  on  conversations  with V. K. Rawlin, NASA, LRC 
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Figure C-5. Electrical power eff iciency as a 
function of extraction  voltage  ratio, R. 

Knowing the e l ec t r i ca l  e f f ic iency ,   one   can   de te rmine   the   requi red   input  
power   pe r   t h rus t e r ,  PTH, f o r   o p e r a t i o n  a t  maximum beam power (i.e.,  maximum 
t h r u s t )  . This  is g iven  by 

PTH = P B / r l E d B  (l + y )  
However, Eq. (17) does   no t   i nc lude  e lec t r ica l  power l o s s e s   o r   c o n d u c t o r  

mass p e n a l t i e s   a t t r i b u t a b l e   t o   t h e  power i n p u t   l i n e s   d i s t r i b u t e d   w i t h i n  a 
t h r u s t e r   a r r a y .   T h i s  is t h e   s u b j e c t   o f   t h e   n e x t   s e c t i o n .   S u c h   p e n a l t i e s   c a n  
b e   s e r i o u s  when t h e  number o f   t h r u s t e r s  becomes l a r g e .   F i g u r e  C-7 i n d i c a t e s  
t h e  number   o f   t h rus t e r s   r equ i r ed   fo r  a t o t a l   a r r a y   i n p u t  power  of 268 .1  MW 
as a func t ion   o f   ex t r ac t ion   vo l t age   r a t io   and   g r id - se t   t empera tu re .  

C.2.9 Thruster   Performance 

Electric and  Mechanic  Power.  The  ion  energy, E,  from Eq. (5) i s  

E kmV 3 kq VN 

where M = t o t a l  mass of k i o n s  

Q = t o t a l   c h a r g e  of k i ons .  
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Figure C-7. Number o f  t h r u s t e r s  f o r  a f i x e d   a r r a y  
input   power of 268 .1  MW as  a f u n c t i o n  o f  e x t r a c t i o n  
v o l t a g e   r a t i o  and g r i d - s e t   t e m p e r a t u r e .  

where the beam current JB is used for Q. Now with  the  help of E q .  (3)  and ( 4 )  
v and 3 can b e  eliminated  to  give 

f l;lp G2 /nu - t $g21sp /nu 2 

= JBVN = PB 

The propellant  flow  rate i s  therefore 
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o r   f o r  N t h rus t e r s   each   w i th  beam power PB 

Clearly,   the   mechanical  power, Pm,. is e q u a l   t o   t h e  e lectr ic  power PES and is 

Thrust.   Thrust  is  t he  rate of  .change o f  momentum wi th   r e spec t   t o  time. 
Since  the  propel lant   exhaust   speed is  c o n s t a n t ,   t h e   t h r u s t ,  F,  is  der ived 
from  the mass flow rate. Thus 

F = 5% - mpgIspY 

where y - yDyS 0.9025. 

C.2.10  The Rocket  Equation 

Consider  an EOTV w i t h   i n i t i a l  mass mi, f i n a l  mass (at burnout) rnf and a 
required  veloci ty   increment  AV. 

The t o t a l   p r o p e l l a n t  expended i n  time A t  is 

Gravi ty   losses  f o r  low t h r u s t   f l i g h t s  between LEO and GEO a r e  assumed t o  
b e  small. The t h r u s t   a c t i n g  on the  EOTV i s  given by 

where t = time, o r   t h r u s t   d u r a t i o n ,  

Vs = v e h i c l e   a c c e l e r a t i o n ,  

and m i  - v e h i c l e   i n i t i a l  mass (t=O). 

The acce lera t ion   of   the   spacecraf t  a t  any t i m e ,  t ,  from Eq. (27) i s  
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Now s u b s t i t u t i n g  W = m -& t, 
i P  

and dW = S d t ,  

i n  .Eq. (28) a n d   i n t e g r a t i n g   y i e l d s  

AVx = 

m -A A t  
i P  

Vsdt -* J W '  o r  

With  the  help  of   exponent ia ls ,   Eq.  (29) c a n   b e   w r i t t e n  

Av/gIspY 
mf = mie , where 

m = m + m  and i p f '  

( -Av/gIspY 
m = m 1-e 

P i  

C .2 .11   A t t i t ude   Con t ro l   P rope l l an t  

Some o f   t h e  e lectr ic  t h r u s t e r s  are u s e d   f o r   a t t i t u d e   c o n t r o l   w h i l e   i n   t h e  
E a r t h ' s  shadow. (Batteries are used   to   p rovide   the   requi red   power) .  The max- 
imum c o n t r o l   t h r u s t   r e q u i r e m e n t   o c c u r s   i n  LEO w h e r e   t h e   g r a v i t a t i o n a l   t o r q u e s  
are h ighes t .   Con t ro l   r equ i r emen t s  become q u i t e  small i n  GEO. I n   t h i s   a n a l y s i s ,  
t h e   a v e r a g e   c o n t r o l   t h r u s t  was t a k e n   t o   b e  400 11, which is b e l i e v e d   t o   b e  con- 
s e r v a t i v e .  

The c o n t r o l   p r o p e l l a n t  mass was e s t i m a t e d   b y   t a k i n g   a p p r o p r i a t e   f r a c t i o n s  
o f   t h e   t o t a l   p r o p e l l a n t  consumed dur ing   t he   day l igh t   t h rus t ing   pe r iod .   Thus ,  
f o r  a 120  day t r i p  time and  100  days  of   thrust ing time t h e  shadow pe r iod  is  
c l o s e   t o  20 days,   which  gives  a f a c t o r   o f  0.2. The   propel lan t  mass is  f u r t h e r  
reduced by t h e   r a t i o   o f   c o n t r o l   t h r u s t  (400 N) t o   t o t a l   t h r u s t  (F) . Thus,  the 
c o n t r o l   p r o p e l l a n t  mass, %,., is given  by 
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m 
PC 

= 17280  At(days)x 
P 

(33) 

- 780,945 A t  (days) /I 
SP 

C.2.12 Thrus t e r   Ar ray   P rope r t i e s  

Tota l   Dis t r ibu ted   Conductor   Length .   F igure  C-8 r e p r e s e n t s  an upper  
quadrant   o f  a r e c t a n g u l a r   a r r a y  of t h r u s t e r s .  The a r r a y  i s  fed  f rom a junc- 
t i o n  a t  t h e   c e n t e r   l a b e l e d  Po. We s h a l l   c o n s i d e r   o n l y  this quadrant  and cal- 
c u l a t e   t h e   t o t a l  mass a n d   t o t a l  power loss of t h e  power d i s t r i b u t i o n   w i r i n g  
be tween  the   th rus te rs  in the   quadrant   and   the  terminals i n   t h e   j u n c t i o n  box. 

Each of t h e  N t h r u s t e r s  is connected  by a p a i r  of c o n d u c t o r s   t h a t   r u n  
h o r i z o n t a l l y   a l o n g   t h e   w i d t h  L, of   the   a r ray ,   and  then v e r t i c a l l y   a l o n g   t h e  
h e i g h t ,  Lh. This  is  i l l u s t r a t e d   f o r  the k t h   t h r u s t e r .  The t h r u s t e r   d i a m e t e r ,  
d ,  and  the  number of t h r u s t e r s ,   d e t e r m i n e   t h e   a r r a y   d i m e n s i o n s .  The s e p a r a t i o n  
d i s t ance   be tween   t h rus t e r s ,   o r   be tween  a p e r i p h e r a l   t h r u s t e r   a n d  the a d j a c e n t  
e d g e   o f   t h e   a r r a y   s t r u c t u r e ,  is h a l f   t h e   t h r u s t e r   d i a m e t e r ,  
t h e   v e r t i c a l   d i s t a n c e  Rk t o   t h e   k t h   t h r u s t e r  i s  - - 

Rk = d 1 + 1.5 (k-1) J = 7 (3 K-1) 1 d 

i .e. ,  d/2.  Thus, 

(34)  

Figure C-8. Schematic  representing one quadrant 
of a rectangular array of thrus ters  
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If t h e r e  are Nh t h r u s t e r s   i n   e a c h  column the   cumula t ive   l eng th   o f  Nh wires 
(one way) is  given  by the sum 

S i n c e   e a c h   t h r u s t e r   r e q u i r e s  two wires t h e   t o t a l  vertical  wire l e n g t h   p e r  
column  becomes 

LV - dNh (1 + 3 Nh)/2 (36) 

S i n c e   t h e r e  are Nw co lumns ,   t he   t o t a l   l eng th   o f  ve r t i ca l  w i r i n g  i s  

Lvt = dNhNw (1 + 3 Nh)/2 . (37)  

There is  a l s o  a h o r i z o n t a l  component of wire, t h e   t o t a l   l e n g t h ,  Lht ,  of  
which i s  g iven  by a similar type  formula,  

I f   Equat ions  (37)   and (38) are a d d e d   t o g e t h e r   t h e   t o t a l   r e q u i r e d  two-way 
wire l eng th ,  k t ,  i s  obtained  by 

R t  - a h N W  [l + 1.5  (Nh + Nw)] . (39)  

For a s q u a r e   a r r a y  

N h - N  W -fi 

and = dN b +  3&] , 

where N is the  number   o f   th rus te rs .  

Array  conductor   length as a f u n c t i o n   o f   e x t r a c t i o n   v o l t a g e   r a t i o   f o r  
several ope ra t ing   t empera tu res  is p r e s e n t e d   i n   F i g u r e  C-9 f o r   a n   a r r a y   i n p u t  
power of  268.1 MW. 

Dis t r ibu ted   Conductor   S ize ,  Mass, and  Power  Loss.  Transmission  of 
electric power  from t h e   a r r a y   i n p u t   j u n c t i o n   t o   e a c h   t h r u s t e r  is c r i t i ca l  t o  
t h e   a r r a y   s i z i n g   p r o b l e m ,   n o t   o n l y   w i t h   r e s p e c t   t o  mass, length,   power loss 
a n d   c o s t ,   b u t   a l s o   w i t h   r e s p e c t   t o   o r b i t a l   l a b o r ,  ease of   cons t ruc t ion ,   and  
re furb ishment .  It is d e s i r a b l e  to h a v e   c o n d u c t o r s   t h a t   r a d i a t e   h e a t   e f f i c i e n t -  
l y ,   b u t  are n o t  of excessive area so t h a t   t h e   i n s u l a t i o n  is  s u b j e c t   t o  numerous 
pin  holes  from  micrometeo.roid  impacts.   Each  such  opening is a p o t e n t i a l  s i te  
f o r   p l a s m a   d i s c h a r g e   l o s s e s  when a t  low o r b i t a l   a l t i t u d e .   R e s t r i c t i o n s  were 
t h e r e f o r e   a p p l i e d   t o   t h e   s i z e   a n d   s h a p e   o f   t h e   c o n d u c t o r s .  
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I n  a p o i n t   d e s i g n   t h e r e  are good reasons  why c y l i n d r i c a l   c o n d u c t o r s   m i g h t  
be  preferred.   For   example,  the conductor  area exposed t o   m e t e o r  streams could  

Kapton i n s u l a t i o n   w h i c h   c o u l d   d e t e r i o r a t e   p r e m a t u r e l y   b o t h   t h e r m a l l y   a n d  
e l e c t r i c a l l y .  Small "p inho les"   can   y i e ld   s ign i f i can t   p l a sma   d i scha rge   l o s ses  
i n  LEO (Reference   6 ) .   The   reduct ion   in   conductor  area p e r m i t s   a n   a s s o c i a t e d  
i n c r e a s e   i n   t h e   K a p t o n  mass d e n s i t y .   F u r t h e r ,   t h e r e  is  t h e   p o s s i b i l i t y   o f  
h e a t i n g   t h e   a r g o n  by p i p i n g  i t  t h r o u g h   t h e   c y l i n d r i c a l   c o n d u c t o r s .   T h i s   a l s o  
t ends   t o   keep   t he   conduc to r s   coo le r   and   t he re fo re   y i e lds  more a v a i l a b l e  elec- 
t r i c  power.  However, time d i d   n o t  p e r m i t  a comple t ion   o f   t h i s   ana lys i s .   Fo r  
pu rposes   -o f   t h i s   pa rame t r i c   s tudy   t he   conduc to r s  are assumed t o   b e   r e c t a n g u l a r  
and  shaded a t  a l l  times. 

, be  reduced  by an order  of  magnitude.  This is  i m p o r t a n t   w i t h   r e g a r d   t o   t h e  

A c o n d u c t i n g   s t r i p   w i t h  a wid th l th i ckness  (m/n) r a t i o   o f  20 can  be a 
reasonably  good t h e r m a l   r a d i a t o r ,   a n d  st i l l  r e t a i n   s t r u c t u r a l   i n t e g r i t y .  A 
lower  l i m i t  of  0.038 cm (15 m i l s )  was p laced  on t h i c k n e s s .   S t r i p s  of t h i s  
s i z e   c a n   b e   h a n d l e d   d u r i n g   c o n s t r u c t i o n   o r   r e p a i r   p h a s e s   w i t h o u t   e x c e s s i v e  
d i f f i c u l t i e s .  

The  power d i s s i p a t e d   i n  a f l a t   c o n d u c t o r  i s  l o s t   m o s t l y   b y   r a d i a t e d   h e a t .  
A l ayer   o f   Kapton  ) .00254 cm th i ck   (one   mi l )  w a s  u s e d   t o   i m p r o v e   t h e   r a d i a t i o n  
e f f i c i e n c y   a n d   a l s o   f o r   i n s u l a t i o n   t o   h e l p   p r e v e n t   p l a s m a   d i s c h a r g e s .   K a p t o n  
h a s   a n   e m i s s i v i t y ,  E ,  of approximately  0.68  which i s  an  improvement  on  aluminum 
(0.05 t o  0.11). 

The m a x i m u m  a l lowab le  wire temperature   f rom electr ic  power loss h e a t i n g  
was assumed to   be  373.16 K (100OC). A summary of  the  assumed  conductor  char- 
acter is t ics  is given  below: 

T 5 373.16 K maximum conductor   t empera ture ,  

m = 20 n wid th  of conductor ,  

A - mn - 0.05 m2 c r o s s   s e c t i o n ,  

n > 0.0381 c m  (15 m i l s )  i n   t h i c k n e s s ,  

p = 2.70 g/cm' d e n s i t y ,  

and f o r   t h e  electrical  r e s i s t i v i t y  

YE = 2 . 8 2 8 ~ 1 0 ' ~  [1+0.0039 (T-293.16)I ohm-cm 

= 3 . 7 1 0 3 ~ 1 0 ' ~  ohm-cm a t  373.16 K 

The thermal   power  radiated i s  given  by 

PH = 2Rrn~U T4 + 2 R n ~ : o T ~ ,  - 2 R ~ o  T4 (m + n) 

where 0 - 5.66961~10"~ W/cm2/K4 ,  
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The Stephan-Boltzman  constant.  

The thermal   power  radiated,  PH, is balanced   by  the e l ec t r i ca l  power P i  
l o s t ,  o r   d i s s i p a t e d ,   i n  the conductor.  The  power l o s t  in  a conductor  of  l e n g t h  
R ,  w i t h  a vo l t age   d rop  AV and   cu r ren t  I i s  

E q u a t i n g   t h e   r h s ' s  of Equat ions (41) and (42) y i e l d s  

mn (m + n) - 12yE/  (2aTT4) = 0.0525 m3, 

and m = 9.5238 1 2 y E / ~ u T 4 ,  

- 6.986~10~ I2 [ 1+0.0039 (T-293.16) ] /T4 
( 4 3 )  

(44) 

A t  the   upper   t empera ture  limit (373.16 K) 

m3' = 4.72696x10-4 12, cm 3 (45) 

and m - 7.78982~10-~ 12i3, cm 
The t o t a l   c o n d u c t o r  mass Mc, o f  l e n g t h  k t ,  which   inc ludes  a 10 p e r c e n t   p e n a l t y  
f o r   s t r u c t u r a l   s u p p o r t  is given  by 

Mc = 1.1 p u t  - 1.1 pmnRt (46) 

5 1.485~10'~ m2 k t ,  kg 

t h e   t o t a l  power l o s t   i n   t h e   a r r a y   w i r i n g  of l e n g t h  R i s  t 

5 .  656X10-5 [ 1+0.0039 (T-293.16) ] A t 2  

P R t  
3 

m2 
~~ - (47) 

5 7.42067x10-5Rt12/m2, Watts a t  373.16 K 

Equat ions (45 through (47) can be   used   to   s ize   the   a r ray   conductors   once   the  
c u r r e n t  I is known. 

Solar  Panel  Bussbar  Power.  The r e q u i r e d   p o w e r .   f o r   t h e   t h r u s t e r  array 
from t h e   s o l a r   p a n e l s  is 

where PA = conductor   panel  loss p e r   t h r u s t e r ,  

N = number o f  t h r u s t e r s ,  
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and !L = R /N,  average  two-way conductor   l ength   f rom  junc t ion   box  t 
t o   e a c h   t h r u s t e r .  

The n e t   v o l t a g e   d r o p ,  Vo, i n   t h e   d i s t r i b u t e d   w i r i n g   a n d   t h r u s t e r   a r r a y  
is assumed t o   b e  

where   conse rva t ion   o f   cu r ren t   r equ i r e s   t ha t  

I - JB/nE 

Equat ion ( 4 8 )  c a n   t h e r e f o r e   b e   w r i t t e n  

The b u s s b a r   c u r r e n t   f o r   t h e   e n t i r e   a r r a y  is t h e r e f o r e  

A p p l i c a t i o n   t o  Electr ic  Thrus t e r   Ar rays .  It i s  d e s i r e d   t h a t   t h e   v o l t a g e  
VN a t  e a c h   t h r u s t e r   b e   f i x e d ,   f o r   a n y   g i v e n   s p e c i f i c   i m p u l s e ,  Isp. I n   o r d e r  
t o  keep   the   vo l tage ,  VN, a t  e a c h   t h r u s t e r   i d e n t i c a l  i t  w i l l  be  assumed t h a t  
t h e   t h r u s t e r s  are connected   in  para l le l ,  each   wi th  a properly  designed  "fuse"  
i n  case of a s h o r t   c i r c u i t .  The  power l o s s e s ,  Pg, i n   t h e   d i s t r i b u t e d   c o n d u c t o r s  
are assumed t o   b e   i d e n t i c a l   f o r   e a c h   t h r u s t e r .  I n  o r d e r   t o  make a f a i r  compari- 
son   of   requi red  wire mass and s i z e s   t h e   c o n d u c t o r   w i d t h  m is  d e t e r m i n e d   i n i t i a l -  
l y  from  Equation ( 4 5 )  u n d e r   c o n d i t i o n s   w h e r e   t h e   c u r r e n t   p e r   t h r u s t e r  is  a t  a 
maximum and  therefore  m is  a t  a maximum. Th i s   occu r s ,   a s suming   f i xed   t o t a l  
a v a i l a b l e  power, when t h e   a r r a y   s i z e  is  a t  a minimum (R = 0.9), and  the   g r id-  
set  tempera ture ,   and   therefore  VT, are a t  t h e   h i g h e s t   v a l u e s   t o   b e   c o n s i d e r e d  
[see  Eqs.  (1) and (2) 1. 

Equat ion ( 4 7 )  is then   used   to   de te rmine   to ta l   conductor   power  loss. This  
power l o s s  P i t ,  is f i x e d   t h e r e a f t e r   i n   o r d e r   t o   h a v e  a f a i r   b a s i s   o f   c o m p a r i s o n .  
Thus, as R i s  inc reased ,  m can   be   de t e rmined   f rom  the   r e l a t ion  

m = 8.6143x10'3 I , cm ( 5 3 )  

which   then   leads   to   conductor  mass. 

Conductor masses are shown i n   F i g u r e  C-10. The i n c r e a s e s   i n   c o n d u c t o r  
mass are phenomenal  with  decreases i n  R and/or  T. 

Fo r   subsequen t   po in t   des ign   s tud ie s  i t  was f o u n d   b e n e f i c i a l   t o   k e e p   t h e  
r a t i o  of PRt/Mc comparable t o  Mpld/Po  where Mpld is  t h e  mass o f  the  payload.  
I n   o t h e r  words  up t o  a p o i n t  i t  p a y s   t o   i n c r e a s e   t h e   a r r a y   c o n d u c t o r  mass, 
a n d   t h e r e b y   r e d u c e   t h e   a r r a y  electrical  power l o s s .   T h i s   i n c r e a s e s   t h r u s t  
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Figure C-10. E l e c t r i c a l   c o n d u c t o r   m a s s  o f  l e n g t h  
kt r e q u i r e d  t o  f e e d  N t h r u s t e r s  as a f u n c t i o n  of 
g r i d  set temperature and e x t r a c t i o n   v o l t a g e   r a t i o ,  
R .  
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and may y i e l d  an i n c r e a s e   i n   p a y l o a d   t h a t   e x c e e d s   t h e   i n c r e a s e   i n   c o n d u c t o r  
mass. Also, i t  e n a b l e s   o p e r a t i o n  a t  much lower wire temperature   which  reduces 
r e s i s t i v i t y .  Thus,   from  Eqs.   (46)  and  (47),   and  the  relation 

i t  f o l l o w s   t h a t  

m - 0.78559  [1+0.0039  (T-293.16)ItI* - 
[P;dIt 

(54)  

Thrus te r   and   Suppor t ing   S t ruc ture  Mass. R e f e r r i n g   t o   F i g u r e  C-8, t h e  
h e i g h t   o f   t h e   a r r a y  is  Lh and   the   wid th  &. I n  terms o f   t h r u s t e r   d i a m e t e r ,   d ,  

~- "_ 

t he   a r r ay   he igh t   and   w id th  is-  given  by 

Lh - 1.5 Nh d ,  

and Lw - 1.5 Nw d. 

where Nh and Nw are t h e   r e s p e c t i v e  number  of t h rus t e r s   a long   t he   he igh t '   and  
width,   and N t h e   t o t a l  number  of t h r u s t e r s .  The t o t a l   t h r u s t e r  module mass 
is  given by 

Mth - 120 NhNw d 2 ,  kg (55) 

where d is in meters. 

The s t r u c t u r e  mass can   be   t aken   to   be   t en   percent  of t h e   t o t a l   t h r u s t e r  
mass. The t o t a l  mass of t h r u s t e r s   a n d   s t r u c t u r e  Msth i s  t h e r e f o r e  

Msth = 132 NhNw d2,  kg,   (56) 

T h r u s t e r   a r r a y  mass as a func t ion   o f   g r id - se t   t empera tu re   and   ex t r ac t ion   vo l t age  
r a t i o  are p resen ted  in Figure  C-11.  

B a t t e r y  Mass. During  per iods  of   darkness  when t h e  EOTV i s  ec l ipsed   by  
E a r t h ,  a f r a c t i o n   o f   t h e   t h r u s t e r s  are ope ra t ed   on   ba t t e r i e s   t o   accompl i sh  
a t t i t u d e   c o n t r o l .  The r e q u i r e d   b a t t e r y   c a p a c i t y  is determined   by   the   longes t  
d u r a t i o n  of darkness ,  t D ,  about  30 minutes.   There is  ample t i m e  between 
e c 1 i p s e . s   f o r   t h e   b a t t e r i e s   t o   r e c h a r g e .  If .Fc is  t h e   r e q u i r e d   c o n t r o l   t h r u s t  
and EB IS t h e   w a t t - h o u r s / k g   c a p a b i l i t y   o f   t h e   b a t t e r i e s   t h e n   t h e   b a t t e r y  mass, 
mBs i s  
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Figure C-11. Mass o f  N t h r u s t e r s   i n c l u d i n g   s u p p o r t i n g  
s t r u c t u r e ,  a s  a f u n c t i o n  of grid-set temperature and 
e x t r a c t i o n   v o l t a g e   r a t i o ,  R. 
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"B =($) (q) tdPo 

Adding t e n   p e r c e n t   f o r   s t r u c t u r e ,   y i e l d s  

5.39385 Is tdFc 

"s ynunEEB 

For   the  parametric s tudy   t he   fo l lowing   va lues  were assumed: 

Fc = 1000 N 

tD = 0.5 hours ,  

and EB 0 200 Watt-hoursikg. 

Equat ion (58) can   t he re fo re  be w r i t t e n  

o r  i n  terms of VN 

% = 3346 x (-) . 

C.3  PARAMETRIC EOTV S I Z I N G  

F igures  C-12 through C-20 p r e s e n t  some o f   t h e   r e s u l t s  of t h e   p a r a m e t r i c  
s tudy   wh ich ,   i n  effect ,  are estimates o f   t h r u s t e r   a n d   s p a c e c r a f t   p a r a m e t e r s  as 
a f u n c t i o n   o f   g r i d - s e t   t e m p e r a t u r e   a n d   e x t r a c t i o n   v o l t a g e   r a t i o .  The  tempera- 
tu res   ranged   f rom 1000 K to   1900 K. All o f   t h e   f i g u r e s   h a v e   c a p t i o n s   t h a t  
shou ld   be   s e l f - exp lana to ry .  

The e lectr ic  power w a s  assumed t o  b e   c o n s t a n t  a t  t h e   t h r u s t e r   a r r a y   j u n c -  
t i o n  box. The t o t a l  power a v a i l a b l e ,  af ter  s u b t r a c t i n g   t h e   v a r i o u s   l o s s e s   s u c h  
as 15 pe rcen t   so l a r   a r r ay   deg rada t ion ,   and  6 p e r c e n t   l i n e  loss, e tc . ,  a t  t h e  
junc t ion   box  w a s  268.1 mW. I n i t i a l  power  from two SPS bay s o l a r   a r r a y s  was 
335 .5  mW. The  power a v a i l a b l e   p e r   t h r u s t e r   a r r a y   f o r   f o u r   a r r a y s  i s  67 .025  mW. 
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Figure C-13. Propellant expended b y  the  electric 
OTV i n  transporting payloads between LEO and GEO 
for the  indicated  temperatures a s  a function of 
extraction  voltage  ratio, R. 
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F i g u r e  C - 1 3 .  Final massr m f r  r emain ing   upon  
arri Val i n  GEO a f t e r   e x p e n d i n g  a mass o f  
p r o p e l l a n t ,  mp a s  a f u n c t i o n  of R f o r  the 
i n d i c a t e d  g r l d - s e t  t e m p e r a t u r e s .  
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F i g u r e  C-14. Empty EOTV mass as a f u n c t i o n  of 
R for the i n d i c a t e d   g r i d - s e t   t e m p e r a t u r e s .  
( R e t u r n   p r o p e l l a n t  l i nes  and tanks not i n c l u d e d . )  
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Figure C - 1 5 .  Propel lant  required to re turn  the 
empty EOTV from GEO to LEO. (154; growth  margin 
included. ) 

C-29 



Figure  C-16. Mass of r e t u r n  p r o p e l l a n t  t a n k s  and 
l ines as a f u n c t i o n  o f  R. 
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F i g u r e  C-17. P a y l o a d   d e l i v e r e d  t o  GEO w i t h  EOTV 
r e t u r n i n g   w i t h o u t  payload to LEO. I 
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F i g u r e  C-18. Electric OTV r e t u r n  t r ip  time 
from GEO to LEO w i thou t  pay load .  
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Figure C-19. Net a c c e l e r a t i n g   v o l t a g e  f o r  the 
i n d i c a t e d   g r i d - s e t   t e m p e r a t u r e s   a s  a f u n c t i o n  
of the e x t r a c t i o n   v o l t a g e ,   r a t i o ,  R .  

c-33 



/ 
. . . .  . . . . .  

. . , . . ,  

. . . . .  

. . . . . . . . . . . . . .  . . . . . . . . . . . .  . . . . . .  . . . . . . .  , . .  . . . . .  . . . . .  
. .  

. .  : I  . : : : : : :  . . . .  . . . , .  . . . . . .  . . . . . . .  . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . .  

. . .  1 . . .  . . ,  . . . . .  . . .  t . . . . . . . . . . .  

. . .  , . . . .  1 . .:. . . .  I . .  . .  . . . . . . .  . . .  I . .  . . . . . .  
I I 

. . . . . .  . . . . . . . .  . . . . . . . .  
. . . . . . .  

. . . . . . . . .  . . . . . . . .  
. . . . . .  

. . . . . .  . . . , . .  . . . . . .  
. . , . , .  . . . . . .  . . . . . .  . . . . . .  

. . . . .  

: . I  . .  
. . . .  

. . . . . . . . .  . . . . . . . . .  
. . . . . . . . . . .  

. . . . . .  
. . . . . . . . .  

. . . . . . . . . .  . . . . . . . . . . . . .  
. . . . . .  . . . . . . . . . . . . .  . . . . . . .  . . . . . . . . . . . . . .  . . . . . .  . . . . . . . .  . . . . . . . . .  

. . . .  

: / r  . . . . .  

. . . .  
. . .  . . . .  

. . . . . .  

. . .  . . . . .  

. . .  . r  

. . . .  

. . . .  I . . : . :  . . . . .  . . .  . . .  . . .  
. . ,  
. .  

. .  
. .  

. . . .  

. . . . . . .  
. . . . . .  . . . . . .  . . . . . .  . . . . .  . . . . . .  . . . . .  . . . . . .  . . . . . .  

. . . . . .  . . . . . . .  . . . . . .  

. .  , . . . .  

. . . . .  . . . . . .  ,/ 
. .  

. . . . .  . . . . . . . .  . . . . . .  . . . . . . . . .  . . . . . . . .  
. .  - -. . . . . .  
. .  ". . . .  . . . . . . .  
. . . . . . .  
. . .  . ". .."". .._ . . 
. . -. _ .  . 
. . . . . . .  . . . . . .  . . . . .  

. . .  

, 
" 

" 

r 

. .  

. . .  

f 

. . . .  
. . . .  

. .  

I I 

t 
'AI 

MfNUS THRUST TIME 
EQUALS TIME  SPENT 

JOTE: TO1 
! 

L TRIP TIME 

IN THE DARK. 

~ 

50 70 90 110 130 150 170 
TOTAL TRIP TIME (DAYS) 

Figure  C-20. E s t i m a t e d   t h r u s t   d u r a t i o n   v e r s u s  
t o t a l   t r i p  time f o r  o p t i m u m   t h r u s t  vector 
s t e e r i n g .  
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The  var ious EOTV f i x e d  masses (kg) were: 

Solar  Array  588,196 
c e l l s / s t r u c t u r e  299,756 
power c o n d i t i o n i n g  288,410 

Thruster  Arrays  (4)  2,256 
beam/gimbals  2,256 

Att i tude  Control   System  1,000 
system  components 274 

590,726  kg 

An i n t e r e s t i n g   r e s u l t  was deduced   f rom  the   suppor t ing   ca lcu la t ions   for  
F igure  C-17.  The p a y l o a d s   d e l i v e r e d   t o  GEO i n c r e a s e  as the   g r id - se t   t empera tu re  
dec reases ,  down t o   a b o u t  1300 K.  A t  1150 K t h e   p a y l o a d   f a l l s   b e l o w   t h e  1300 K 
curve ,  as R approaches .0 .2 ,   because   o f   excess ive  e lectr ical  conductor  mass. 
A t  1000 K, and a t  R = 0.2 ,   the   payload   drops   a lmost  two m i l l i o n   k i l o g r a m s  more 
but   peaking  a t  R = 0.32.  Presumably, as the   t empera ture  is lowered   th i s   peak  
would  occur a t   i n c r e a s i n g   v a l u e s   o f  R. 
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